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SUMMARY
The f o r m a t i o n  o f  p lasm id  m u l t i m e r s  by homologous  
recombinat ion can g r e a t l y  reduce th e  h e r i t a b l e  s t a b i l i t y  
o f  the  n a tu r a l  m u lt icopy  plasmid ColE1. ColE1 c a r r i e s  a 
250 bp s i t e  ( c e r )  which, when p resen t  in  d i r e c t  re p e a t  (as  
in  a ColE1 d imer)  e f f i c i e n t l y  re so lve s  plasmid m ult im ers  
t o  momomers. c e r - m e d ia t e d  m o n o m e r is a t i o n  i s  s t r o n g l y  
c o r r e la t e d  w i th  an incre ase  in plasmid s t a b i l i t y .  C u rre n t  
evidence suggests t h a t  ColE1 segrega tes  randomly a t  c e l l  
d i v i s i o n ,  and t h a t  cer-dependent monomerisation ensures  
s t a b i l i t y  by i n c r e a s i n g  th e  number o f  i n d e p e n d e n t l y  
segrega t ing  plasmid copies ( S h e r r a t t  e t  a l , 1984; Summers
and S h e r r a t t ,  1984) .
The 250 bp c e r  s i t e  is  t h e  o n l y  ColE1 se q u e n c e  
requ ire d  f o r  c e r  s i t e - s p e c i f i c  recom bina t ion .  ColE1 does 
not appear  t o  encode any p r o t e i n s  n e c e s s a r y  f o r  c e r  
recombinat ion .  Two E. c o l i  chromosomal genes ( x e r  genes) 
a b s o l u t e l y  r e q u i r e d  f o r  r e c o m b i n a t i o n  a t  c e r  have been  
i s o la t e d  and c h a r a c t e r is e d  ( S t i r l i n g  e t  a l , 1988a; 1988b;
1989) .  One o f  these  ( argR) encodes th e  a r g in in e  rep res s o r  
which b inds t o  c e r  in  th e  p re s e n c e  o f  L - a r g i n i n e .  The  
o ther  (xerB)  had not y e t  been c h a r a c t e r is e d  when t h i s  work 
began.
Evidence is  p re s e n te d  h e re  w h ic h  shows t h a t  x e r B  
corresponds t o  pepA , en cod in g  ami n o p e p t i  dase  A. The 
n u c l e o t i d e  sequence has been e x t e n d e d  5 ’ o f  pepA and 
p o t e n t ia l  pepA promoter sequences have been i d e n t i f i e d .  
The sequence has a ls o  been extended 3 ’ o f  pepA, as f a r  as 
v a l S , th e  gene encoding v a l y l - t R N A  s y n t h e t a s e .  Betw een  
pepA and valS  i s  an open reading frame capable o f  encoding  
a po lyp ep t ide  o f  m olecu la r  mass 13 kDa.
The procedure developed by S t i r l i n g  (1987 )  was used 
to  s e l e c t  f u r t h e r  x e r  m u ta n ts .  One o f  t h e s e  c a r r i e d  a 
mutat ion in a p re v io u s ly  u n i d e n t i f i e d  gene, xerC.  The xerC  
gene was is o la t e d  and mapped to  85 minutes,  between the  
genes dapF (encoding diami nopime!ate epimerase)  and uvrD 
(e ncod ing  DNA h e l i c a s e  I I ) .  The n u c l e o t i d e  se q u e n c e  o f  
x e r C  and t h e  f l a n k i n g  r e g i o n s  was d e t e r m i n e d .  T h i s  
revea led  t h a t  xerC  i s  capable  o f  encoding a p r o t e i n  o f
m olecu la r  mass 3 3 .8  kDa. Th is  p r o t e in  has s u b s t a n t ia l  
amino a c id  sequence s i m i l a r i t y  t o  t h e  lambda i n t e g r a s e  
f a m i ly  o f  s i t e - s p e c i f i c  recombinases. XerC is  a b s o l u t e ly  
r e q u i r e d  f o r  r e c o m b i n a t i o n  a t  c e r  and a l s o  f o r  
recombinat ion a t  a v a r i a n t  c e r  s i t e  which does not r e q u i r e  
e i t h e r  ArgR o r  PepA f o r  r e c o m b i n a t i o n .  T h i s ,  and t h e  
s i m i l a r i t y  to  the  lambda in te g ra s e  f a m i l y ,  suggests t h a t  
XerC i s  the  recombinase t h a t  a c ts  a t  cer.
The n u c le o t id e  sequence a ls o  revea led  th e  presence o f  
an open reading frame ( o r f 2 3 5 ) o f  235 codons between dapF 
and x e rC , and another  open read ing  frame ( o r f 2 3 8 ) o f  238 
codons between xerC and uvrD. Tn5 and mini Mu i n s e r t i o n s  
upstream o f  xe rC , w i t h i n  e i t h e r  dapF o r  o r f 2 3 5 , a re  p o la r  
on t h e  e x p re s s io n  o f  xe rC .  T h i s  s u g g e s ts  t h a t  d a p F , 
o r f 2 3 5 ,  xe rC  and o r f 238  a r e  a l l .  e x p r e s s e d  on t h e  same 
mRNA, from the  dapF promoter .
F i n a l l y ,  a gel b ind in g  assay was developed to  assay  
f o r  b inding o f  XerC to  th e  c e r  s i t e .  Th is  assay was used 
to  f o l l o w  the p a r t i a l  p u r i f i c a t i o n  o f  XerC from a xerC  
over express ing E. c o l i  s t r a i n .  The gel b ind ing assay was 
a ls o  used t o  show t h a t  XerC b in d s  s p e c i f i c a l l y  t o  t h e  





1.1 General  i n t r o d u c t i o n
B a c t e r i a l  p lasmids are  extra-chromosomal h e r e d i t a r y  
e le m e n ts ,  c a p a b le  o f  autonomous r e p 1 i c a t i o n  and s t a b l e  
maintenance w i t h i n  t h e i r  host .  Most b a c t e r i a l  plasmids are  
found as c o v a l e n t l y  c l o s e d ,  c i r c u l a r  DNA m o l e c u l e s .  
Plasm ids  encode a v a r i e t y  o f  p h e n o t y p i c  t r a i t s  w h ich  
i n c lu d e  drug r e s i s t a n c e ,  r e s i s t a n c e  t o  m e ta l  i o n s ,  
product ion  o f  e n t e r o t o x in s ,  p roduct ion  o f  b a c t e r io c in s  and 
a l t e r e d  s e n s i t i v i t y  t o  mutagens ( B r o d a ,  1 9 7 9 ) .  P la s m id  
encoded t r a i t s  can c o n fe r  a s e l e c t i v e  advantage, under  
c e r t a i n  environmenta l  c o n d i t io n s ,  to  t h e i r  b a c t e r i a l  ho s t .
Plasmids encode fu n c t io n s  re q u ire d  f o r  s t a b l e  plasmid  
maintenance, in c lu d in g  r e p l i c a t i o n  and p a r t i t i o n  fu n c t io n s  
(Nordstrom and A u s t in ,  1989) .  Some plasmids a ls o  encode 
systems capable o f  k i l l i n g  p la s m id - f r e e  segregants  (Gerdes  
e t  a l , 1985; Ogura and H i r a g a , 19 8 3 b ) .  T o g e t h e r ,  t h e s e  
f u n c t i o n s  ensure  t h a t  n a t u r a l l y  o c c u r r i n g  p l a s m i d s  a r e  
l o s t  only r a r e l y  from growing c u l t u r e s .  A d d i t i o n a l l y ,  some 
plasm ids  c a r r y  c o n j u g a t i o n  o r  m o b i l i s a t i o n  genes w h ich  
a l lo w  h o r i z o n t a l  t r a n s f e r  o f  plasmid molecules from host  
to  host.
N a t u r a l l y  o c c u r r in g  plasmids range in  s i z e  from under  
5 kbp to  over  100 kbp and t h e i r  copy number ranges from  
one to  hundreds per host c e l l .  In  g e n e ra l ,  la rg e  p lasmids  
a re  p r e s e n t  a t  low copy number and s m a l l  p l a s m i d s  a r e  
p r e s e n t  a t  h i g h e r  copy number. P la s m id  r e p l i c a t i o n  i s  
t i g h t l y  c o n t r o l l e d  a t  th e  le v e l  o f  i n i t i a t i o n  to  m a in ta in  
a constant copy number. The plasmid sequences re s p o n s ib le  
f o r  t h i s  r e g u la t i o n  are  u s u a l ly  conta ined w i t h i n  a small  
region o f  the  plasmid,  c o n s is t in g  o f  a r e p l i c a t i o n  o r i g i n  
( o r i ) and r e p l i c a t i o n  c o n tro l  f u n c t io n s .  A f t e r  i n i t i a t i o n  
o f  r e p l i c a t i o n  a t  the  o r i g i n ,  host enzymes ta ke  ov e r  t o  
complete plasmid r e p l i c a t i o n .
1 .2  S ta b le  plasmid maintenance
The v a r i o u s  p la s m id  f u n c t i o n s  t h a t  e n s u r e  s t a b l e  
plasmid maintenance are  reviewed by Nordstrom and A u s t in  
( 1 9 8 9 ) .  There are  two requirements  t h a t  must be f u l f i l l e d
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f o r  a plasmid to  be s t a b l y  mainta ined a t  a c o n s ta n t  copy 
number in  a l l  t h e  c e l l s  o f  a p o p u l a t i o n .  The f i r s t  o f  
th e s e  i s  t h a t  p la s m id  r e p l i c a t i o n  keeps p a c e  w i t h  h o s t  
r e p l i c a t i o n .  Copy number c o n tro l  mechanisms ensure  t h i s .  
The second requ irem ent  i s  f o r  the  s e g re g a t io n  o f  plasmid  
copies to  both daughter  c e l l s  a t  c e l l  d i v i s i o n .  As long as 
both daughter c e l l s  r e c e iv e  a t  l e a s t  one p lasmid molecule  
a t  c e l l  d i v i s i o n ,  th e  copy number c o n tro l  mechanism can 
compensate f o r  any d e v i a t i o n  from the normal copy number.
1 .2 .1  Copy number c o n t r o l  mechanisms
In  a l l  cases so f a r  c h a r a c t e r i s e d , c o n t r o l  o f  plasmid  
r e p l i c a t i o n  is  c a r r i e d  ou t  by a n e g a t iv e  feedback  loop,  
such t h a t  i f  plasmid copy number is  too h ig h ,  r e p l i c a t i o n  
i n i t i a t i o n  is  i n h i b i t e d ,  and i f  the copy number becomes 
t o o  low r e p l i c a t i o n  i n i t i a t i o n  i s  s t i m u l a t e d .  T h i s  
n e g a t i v e  f e e d b a c k  i s  m e d i a t e d  by p l a s m i d  e n c o d e d  
r e p r e s s o r s  o f  i n i t i a t i o n  wh ich  p r o v i d e  a m e a s u re  o f  
plasmid copy number v ia  gene dosage. Th is  re p re s s o r  can be 
a small RNA molecule (eg RNAI o f  ColE1 (Tomizawa e t  a 7, 
1981) and CopA o f  R1 (Stougaard e t  a7, 1 9 8 1 ) ) ,  a small
p r o t e in  (eg Rop o f  ColE1 (Tomizawa and Som, 1984) and CopB 
o f  R1 (M o l in  e t  a l , 1 9 8 1 ) )  o r  a s e r i e s  o f  DNA r e p e a t
sequences in  the  p lasmid o r i g i n  region which a p p a r e n t ly  
t i t r a t e  out plasmid i n i t i a t i o n  f a c t o r s  (eg th e  r e p l i c a t i o n  
o r i g i n s  o f  F (Tolun and H e l i n s k i ,  1981) and P1 ( C h a t t o r a j  
e t  a l , 1 9 8 4 ) ) .
1 . 2 . 2  P a r t i t i o n  o f  p lasmids a t  c e l l  d i v i s i o n
Plasmids can e i t h e r  be p a r t i t i o n e d  randomly a t  c e l l  
d i v i s i o n  or  they can be a c t i v e l y  p a r t i t i o n e d .  For low copy 
number p las m id s ,  w i t h  o n ly  one o r  two c o p i e s  p e r  h o s t  
chromosome, a random p a r t i t i o n  mechanism would r e s u l t  in  
th e  p r o d u c t io n  o f  p la s m id  f r e e  c e l l s  a t  a v e r y  h ig h  
f requency.
The low copy number p la s m id s  F (O g u ra  and H i r a g a ,  
1 9 8 3 a ) ,  R1 (N o rd s trom  e t  a l , 1 9 80 )  and P1 ( A u s t i n  and
A b e le s ,  1983) have a c t i v e  p a r t i t i o n  s y s t e m s .  These
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systems a l l  c o n s is t  o f  a c f s - a c t i n g  s i t e  and two t ra n s ­
a c t i n g  Par p r o t e i n s  ( F i g  1 . 1 ;  r e v i e w e d  by A u s t i n  and 
Nordstrom, 1990) .  The SopB p r o t e in  o f  F has been p u r i f i e d  
and binds s p e c i f i c a l l y  t o  the  incD ( sopC) p a r t i t i o n  s i t e  
o f  F (Mori e t  a7, 1989 ) .  ParB o f  PI has a ls o  been p u r i f i e d  
and b inds  s p e c i f i c a l l y  t o  t h e  P1 p a r  s i t e  ( D a v i s  and 
A u s t i n ,  1 9 8 8 ) .  One o r  both o f  t h e  R1 P a r  p r o t e i n s  
probably  binds to  th e  R1 p a r  s i t e .  The p a r  s i t e s  o f  these  
p lasm ids  a r e  p ro b a b ly  r e c o g n i s e d  by a c o m b i n a t i o n  o f  
p la sm id -en c o d e d  p a r t i t i o n  p r o t e i n s  and h o s t  p r o t e i n s .  
S e g r e g a t io n  " m a c h in e ry " p r o b a b l y  t h e n  a c t s  on p a i r s  o f  
p la s m id s ,  t o  p la c e  one member o f  t h e  p a i r  i n t o  each  
daughter  c e l l .
There is  no ev idence f o r  th e  a c t i v e  p a r t i t i o n  o f  high 
copy number plasmids such as Col E l .  The a v a i l a b l e  ev idence  
i s  c o n s is te n t  w i th  the  random p a r t i t i o n  o f  such plasmids  
a t  c e l l  d i v i s i o n  (D u rka tz  and S h e r r a t t ,  1973; Summers and 
S h e r r a t t ,  19 84 ) .  I f  t h i s  is  the  case, then p l a s m id - f r e e  
segregants should be produced w i th  a p r o b a b i l i t y  o f  2 1~n 
per c e l l  d i v i s i o n ,  where n is  the  number o f  independent ly  
s e g r e g a t in g  p la sm id  u n i t s .  ColE1 has an e s t i m a t e d  copy  
number o f  30 a t  c e l l  d i v i s i o n  (Timmis, 1 9 81 ) .  T h e r e fo re ,  
p ro v id e d  t h a t  p lasm id  c o p ie s  a r e  f r e e  t o  s e g r e g a t e  
i n d i v i d u a l l y ,  ColE1 should produce p la s m id - f r e e  segregants  
w i t h  an e x p e r i m e n t a l l y  u n d e t e c t a b l e  f r e q u e n c y  o f
_ q . . .1.9  x 10 per c e l l  d i v i s i o n .  As p r e d ic t e d ,  ColE1 does not  
produce plasmid f r e e  c e l l s  a t  a d e t e c t a b le  f req uen cy .
P a r a d o x ic a l l y ,  many common m ult icopy  c lo n in g  v e c to rs  
( d e r i v e d  from  th e  ColE1 r e l a t e d  p l a s m id  pMB1) have  a 
h ighe r  copy number than ColE1 but a re  less  s t a b l e  than  
C olE1 .  Summers and S h e r r a t t  ( 1 9 8 4 )  showed t h a t  t h i s  
i n s t a b i l i t y  is  c o r r e l a t e d  w i th  the  fo rm a t io n  o f  plasmid  
m u lt im e rs  by homologous r e c o m b i n a t i o n .  S t r a i n s  w h ich  
produce la rg e  numbers o f  mult imers lose m ult icopy  plasmids  
a t  a f a s t e r  r a t e  than s t r a i n s  which produce few m ult im ers  
(Summers and S h e r r a t t ,  1 9 8 4 ) .  Copy num ber  c o n t r o l  
mechanisms e f f e c t i v e l y  count plasmid r e p l i c a t i o n  o r i g i n s ,  
so mult imers are  m ainta ined a t  a lower copy number than  
monomers (Summers and S h e r r a t t ,  1984) .  Th is  reduces the  
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F ig u re  1.1 Genetic  o r g a n is a t io n  o f  th e  p a r  reg ions o f  th e  
plasmids F, P1 and R1/NR1. Arrows i n d ic a t e  open read ing  
frames f o r  e s s e n t ia l  p a r t i t i o n  p r o t e in s .  Open boxes show 
t h e  re g io n s  c o n t a in in g  th e  c i s  a c t i n g  p a r t i t i o n  s i t e s .  
(Taken from Nordstrom and A u s t in ,  19 89 . )
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increases  th e  p r o b a b i l i t y  o f  producing p la s m id - f r e e  c e l l s .
ColE1 co n ta in s  a sequence ( c e r )  o f  ap prox im a te ly  250 
bp, w h ic h ,  when p r e s e n t  in  d i r e c t  r e p e a t  on a s i n g l e  
plasmid (as  in  a ColE1 d im e r ) ,  a c ts  as a s u b s t r a te  f o r  
s i t e - s p e c i f i c  r e c o m b i n a t i o n .  T h i s  s i t e - s p e c i f i c  
recombinat ion e f f i c i e n t l y  re s o lv e s  plasmid m ult im ers  to  
monomers and ensures s t a b l e  in h e r i t a n c e  o f  ColE1 (Summers 
and, S h e r r a t t ,  1984) .
The c e r  s i t e  can s t a b i l i s e  th e  c lo n in g  v e c to rs  pUC8 
and pACYCI84 when present  in  c i s  (Summers and S h e r r a t t ,  
1984) .  Th is  s t a b i l i s a t i o n  is  c o r r e l a t e d  w i th  an inc re a s e  
in  t h e  p r o p o r t i o n  o f  monomeric p la s m id  fo rm s  p r e s e n t  
(Summers and S h e r r a t t ,  1984) .  S i t e - s p e c i f i c  recombinat ion  
a t  c e r  i s  h ig h ly  d i r e c t i o n a l  ; ce remediated in t e r m o le c u la r  
f u s i o n  oc curs  a t  10“ 4 -  10- 5  t i m e s  t h e  f r e q u e n c y  o f
in t r a m o le c u la r  d e le t i o n  (D. Summers, pers .  comm.).
Many o t h e r  p lasm ids  c o n t a i n  a n a l o g o u s ,  p l a s m i d -  
s t a b i l i s i n g ,  m u l t im e r  r e s o l u t i o n  s y s te m s .  The p l a s m i d s  
ColK (Summers e t  a 7, 1 9 8 5 ) ,  C loD F 13  ( H a k k a a r t  e t  a 7,
1 9 8 4 ) ,  pMB1 (Greene e t  a l , 1 9 8 1 ) ,  ColA ( M o r i o n  e t  a 7,
1988) ,  pNPT16 (P. S t r i k e ,  pers .  comm.) and ColN ( K o lo t ,
1990) c o n ta in  recombination s i t e s  w i th  e x te n s iv e  sequence 
s i m i l a r i t y  to  ColE1 c e r  (F ig  1 . 2 ) .  The plasmid R1 a ls o  
co nta ins  a p l a s m i d - s t a b i l i s i n g  recombinat ion s i t e  which is  
s i m i l a r  t o  c e r  o n ly  in  th e  c r o s s o v e r  r e g i o n  ( C l e r g e t ,  
1984; Fig 1 . 2 ) .  Most, i f  not a l l  plasmids c a r r y  a s i t e -  
s p e c i f i c  recombinat ion system capab le  o f  r e s o lv in g  plasmid  
m ult im ers .  Many o f  these systems u t i l i s e  a plasmid-encoded  
recombinase and a r e c o m b in a t io n  s i t e  w i t h  no s e q u e n c e  
s i m i l a r i t y  to  cer ,  eg Lox ac ts  a t  ere  on P1 (A u s t in  e t  a 7, 
1 9 8 1 ) ,  a re s o l  vase a c ts  a t  t h e  R46 p e r  s i t e  (Dodd and 
Bennett ,  1986; 1987) ,  the  D - p r o t e in  a c ts  a t  r f s F  on th e  F 
plasmid (Lane e t  a7, 1986; O’ Connor e t  a l , 1986) .
1 .3  S i t e - s p e c i f i c  recombinat ion
S i t e - s p e c i f i c  recombinat ion re a c t io n s  a re  c a ta ly s e d  
by p r o t e in s  known as recombinases. These p r o t e in s  bind  
s p e c i f i c a l l y  to  p a i r s  o f  recombinat ion  s i t e s  and probab ly  
b r in g  them t o g e t h e r  by p r o t e i n - p r o t e i n  and p r o t e i n - D N A
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i n t e r a c t i o n s .  The recombinase then c a ta ly s e s  recom binat ion  
by s t ra n d  c le avage ,  exchange and r e l i g a t i o n .  In  c o n t r a s t  
to  homologous recom bina t ion ,  th e r e  is  no re qu ire m e nt  f o r  
e x te n s iv e  homology in  th e  recombining s i t e s .  In  g e n e r a l ,  
t h e  r e c o m b i n a s e  gene  i s  fo u n d  a d j a c e n t  t o  t h e  
recombinat ion s i t e  a t  which the  recombinase a c t s .
S i t e - s p e c i f i c  r e c o m b in a t io n  s i t e s  a r e  g e n e r a l l y  
a s y m m e t r i c a l .  T h i s  a s y m m e tr y  i s  r e t a i n e d  i n  t h e  
recombinat ion r e a c t i o n ,  i e  the  l e f t  hand s id e  o f  one s i t e  
i s  jo in e d  to  th e  r i g h t  hand s id e  o f  th e  o t h e r  and v ic e  
versa.  T h e re fo re  recombinat ion between s i t e s  in  in v e r t e d  
repea t  leads to  in v e r s io n ,  whereas recom binat ion  between 
d i r e c t l y  repeated s i t e s  leads to  d e l e t i o n .  Recombination  
between s i t e s  on d i f f e r e n t  DNA molecules can a ls o  occur  
and leads to  fu s io n  o f  the  two molecules.
S i t e - s p e c i f i c  recombinat ion c a r r i e s  ou t  a v a r i e t y  o f  
d i f f e r e n t  fu n c t io n s  in  b a c t e r i a l  systems. These in c lu d e :  
the i n t e g r a t i o n  and e x c is io n  o f  temperate  ba c te r io ph a ge  
i n t o / f r o m  t h e  h o s t  ch ro m o som e,  t h e  r e s o l u t i o n  o f  
c o in t e g r a t e  s t r u c t u r e s  formed by t r a n s p o s i t i o n  o f  ty p e  I I  
transposons, c o n t ro l  o f  gene express ion by in v e r s io n  o f  
s m a l l  DNA s e g m e n t s ,  and p l a s m i d - s t a b i l i s i n g
monomerisation (rev iew ed by Sadowski, 19 86 ) .  S i t e - s p e c i f i c  
r e c o m b in a t io n  a ls o  occurs  n a t u r a l l y  in  a e u k a r y o t i c  
system: FLP m ed ia ted  i n v e r s i o n  in  t h e  S a c c h a ro m y c e s
c e r e v is ia e  2 - m i c r o n  p l a s m i d  p r o v i d e s  a p l a s m i d -  
s t a b i l i s i n g  a m p l i f i c a t i o n  p ro p er ty  ( V o l k e r t  and Broach,
1986) .  Many s i t e - s p e c i f i c  recombination systems a re  being  
s tud ied  in v i t r o ,  f o l lo w i n g  the  lead o f  Nash (1 9 7 5 )  w i th  
the lambda in te g ra s e  system.
S i t e - s p e c i f i c  r e c o m b in a t io n  sys te m s f a l l  i n t o  two  
c l a s s e s ,  i d e n t i f i e d  b o t h  on t h e  b a s i s  o f  s e q u e n c e  
s i m i l a r i t y  amongst th e  recombinases and the  mechanism o f  
t h e  r e c o m b i n a t i o n  r e a c t i o n .  T h e s e  two c l a s s e s ,  t h e  
r e s o lv a s e / in v e r t a s e  c la s s  and th e  I n t  c la s s ,  a re  d iscussed  
s e p a r a te ly  below.
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1 .4  The r e s o lv a s e /in v e r ta s e  c la s s  o f  recom binases
The members o f  t h i s  f a m i l y  can be f u r t h e r  subd iv ided  
in to  th e  reso lvases  and the  in v e r t a s e s .  The reso l  vases a re  
r e s p o n s i b l e  f o r  r e s o l u t i o n  o f  t r a n s p o s o n  c o i n t e g r a t e  
s t r u c t u r e s  and are  a ls o  in vo lv ed  in  plasmid s t a b i l i s i n g  
m ono m er is a t io n  (eg R46 p e r ) . The r e s o l  v a s e s  o f  Tn3 and 
gamma-delta a re  th e  best  s t u d ie d .  These two enzymes and 
t h e i r  recombinat ion  s i t e s  are  in te rc h a n g e a b le ,  and r e s u l t s  
obta ined  w i th  one system are  g e n e r a l l y  a p p l ic a b l e  to  th e  
o t h e r .  The reso lvases  have been reviewed by H a t f u l !  and 
G r in d le y  ( 1 9 8 8 ) ,  S ta rk  e t  a l  (1989b)  and S h e r r a t t  ( 1 9 8 9 ) .  
The DNA in v e r ta s e s  Gin and Cin i n v e r t  segments o f  DNA to  
a l t e r  th e  express ion  o f  t a i l  f i b r e  genes in  phage Mu and 
P1 r e s p e c t i v e l y .  H in  i n v e r t s  a p r o m o t e r  c o n t a i n i n g  
chromosomal DNA segment t o  b r i n g  a b o u t  a n t i g e n i c  phase  
v a r i a t i o n  in  S. typhimurium.  P in -m ed ia ted  in v e r s io n  in  th e  
d e f e c t iv e  e14 v i r a l  e lement o f  th e  E. co/7 chromosome has 
an unknown fu n c t io n .  The fo u r  in v e r ta s e s  Gin,  H in ,  Cin and 
Pin and t h e i r  recombinat ion s i t e s  a re  a l l  in te rc h a n g e a b le  
(rev iewed by Glasgow e t  a 7 1989) .
The re c o m b in a t io n  s i t e  f o r  Tn3 r e s o l v a s e  ( r e s )  i s  
ap prox im a te ly  120 bp long and c o n ta in s  3 dyad-symmetr ic  
s u b - s i t e s  ( I ,  I I ,  I I I ;  see F i g  1 . 3 )  w h ic h  a r e  each  
thought to  bind a reso lvase  dimer (G r in d le y  e t  a 7, 1982;
K i t t s  e t  a 7, 1 9 8 3 ) .  Recombi n a t  i on o c c u r s  o n l y  a t  t h e
c e n tre  o f  s u b - s i t e  I  (Reed, 19 81 ) ,  but  the  accessory sub­
s i t e s  I I  and I I I  a re  requ ire d  f o r  recombinat ion (G r in d le y  
e t  a / ,  1 9 8 2 ) .  The r e c o m b i n a t i o n  s i t e s  f o r  t h e  DNA
in v e r ta s e s  a re  26 bp long, have dyad symmetry and a re  
probably  bound by in v e r ta s e  dimers (M ertens e t  a 7, 1988;  
Fig 1 . 3 ) .  S trand c leavage occurs a t  th e  c e n t re  o f  these  
26 bp s i t e s  (K l ip p e l  e t  a7, 1988a ) .
Tn3 r es  s i t e s  a re  on ly  recombined e f f i c i e n t l y  i f  they  
are p resent  in  d i r e c t  re p e a t  on th e  same, s u p e r c o i le d  
DNA m o l e c u l e  ( K i t t s  e t  a 7 ,  1 9 8 3 ) .  The o n l y  p r o t e i n
re q u ire d  f o r  recombinat ion is  re s o lv a s e .  The i n v e r t a s e  
re c o m b in a t io n  s i t e s ,  on t h e  o t h e r  hand ,  a r e  o n l y  
recombined e f f i c i e n t l y  i f  they  are  p res en t  in  in v e r te d  
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F igure  1 .3  S t ru c tu re s  o f  recombinat ion  s i t e s  r e q u i re d  f o r  
Tn3/gamma-delta reso lvases  and th e  DNA in v e r ta s e s .
A) R e s o l v a s e  and i n v e r t a s e  b i n d i n g  s i t e s  a r e  
re p r e s e n t e d  as open boxes w i t h  a r r o w s  i n d i c a t i n g  t h e  
im p e r f e c t  dyad symmetry. L e n g th s  o f  b i n d i n g  s i t e s  a r e  
given in  a ra b ic  numbers.
B) Sequence o f  the c e n t re  o f  th e  in v e r ta s e  recom binat ion  
s i t e  g i x  and s u b - s i t e  I  o f  r e s .  The p o s i t i o n s  o f
c l e a v a g e  by t h e  r e c o m b i n a s e  p r o t e i n s  a r e  shown as  
s ta g g e re d  l i n e s .  The p o s i t i o n  a t  w h ich  t h e  r e c o m b in a s e  
becomes c o v a le n t ly  a t tached  are  shown.
enhancer s i t e  { s i s ) , -  on th e  same DNA m olecule ,  i s  a ls o  
r e q u i r e d  f o r  e f f i c i e n t  r e c o m b i n a t i o n  (Kahmann e t  a7 ,
1985) .  The host p r o t e in  F i s ,  which binds to  th e  enhancer  
s i t e ,  i s  r e q u i r e d  a l o n g  w i t h  t h e  DNA i n v e r t a s e  f o r  
e f f i c i e n t  in v e rs io n  (Kahmann e t  a 7, 1985 ) .
The r e s o lv a s e s  and i n v e r t a s e s  a r e  s m a l l  p r o t e i n s  
(about 180 amino a c id s )  w i th  a high degree o f  sequence 
s i m i l a r i t y  (F ig  1 . 4 ) .  They c o n ta in  two s t r u c t u r a l  domains; 
a C - t e r m i n a l  domain o f  a p p r o x i m a t e l y  40 amino a c i d s  i s  
l a r g e l y  r e s p o n s ib le  f o r  sequence s p e c i f i c  DNA b i n d i n g  
a c t i v i t y  (Abdel-Meguid e t  a 7, 19 84 ) ,  th e  N - te rm in a l  domain 
i s  t h o u g h t  t o  c o n t a i n  t h e  c a t a l y t i c  s i t e  and t o  be 
re sp o n s ib le  f o r  p r o t e in  -  p r o t e in  i n t e r a c t i o n s .
Recombination r e a c t io n s  c a ta ly s e d  by reso lv a se s  and 
i n v e r t a s e s  a r e  m e c h a n i s t i c a l l y  v e r y  s i m i l a r .  P u t a t i v e  
i n t e r m e d i a t e s  have been i s o l a t e d  whi^ch c o n t a i n  d o u b le  
strand  breaks a t  the  c e n t re  o f  the recombinat ion s i t e  
(Reed and G r in d le y ,  1981; K l ip p e l  e t  a l  1988a; Johnson and 
B r u i s t ,  1989) .  These have a staggered 2 bp c u t ,  w i t h  an 
o v erh a n g in g  3 ’ 0H end and a r e c e s s e d  5 ’ end w h ic h  i s  
c o v a l e n t l y  a t t a c h e d  t o  th e  r e c o m b in a s e  p r o t e i n  by a 
phospho-serine l in k a g e  (F ig  1.3B; Reed and Moser, 1984;  
K l i p p e l  e t  a l , 1 9 8 8 a ) .  An a b s o l u t e l y  c o n s e rv e d  s e r i n e
re s id u e ,  near to  the N-term inus o f  the  resol v a s e / i n v e r t a s e  
p r o t e i n s ,  appears  t o  be th e  c a t a l y t i c  r e s i d u e  w h ic h  
becomes l i n k e d  to  th e  DNA ( H a t f u l  and G r i n d l e y ,  1 9 8 6 ;  
K l ip p e l  e t  a l ,  1988a) .
The DNA i n v e r t a s e  -  and r e s o l v a s e  -  c a t a l y s e d  
r e c o m b i n a t i o n  r e a c t i o n s  t a k e  p l a c e  w i t h  s p e c i f i c  
to p o lo g ie s  (F ig  1 . 5 ) .  In v e r t a s e - c a t a ly s e d  recom bina t i  on 
norm ally  produces unknotted c i r c l e s ,  w i th  a l in k a g e  change 
o f  +4 (Kahmaan e t  a 7, 1 9 8 7 ;  K a n a a r  e t  a 7, 1 9 8 8 ) .
R es o lva se -ca ta lysed  d e l e t i o n  norm ally  produces a s p e c i f i c  
( - 2 )  ca ten ane  w i t h  a +4 l i n k a g e  change (W asserman and  
C o z z a re l  1 i , 1985; Boocock e t  a l ,  1 987 ) .  I t  i s  p r o p o s e d  
t h a t  s t r a n d  e x c h a n g e  can t a k e  p l a c e  o n l y  a f t e r  t h e  
fo rm at ion  o f  s p e c i f i c  in te r -w ra p p ed  s y n a p t ic  complexes.  
Once t h e  synapse has form ed,  s t r a n d  excha ng e  p r o b a b l y  
occurs by concerted c u t t i n g ,  s imple r o t a t i o n  through 180°  
and r e - l i g a t i o n  o f  the  DNA (F ig  1 . 6 ) .
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F ig u re  1 .4  Al ignment o f  p r e d ic te d  amino ac id  sequences o f  
members o f  th e  re so lv a se  and DNA in v e r ta s e  f a m i l y  o f  
s i t e - s p e c i f i c  r e c o m b in a s e s . The p u t a t i v e  DNA b i n d i n g  
h e l i x - t u r n - h e l i x  m o t i f  i s  i n d ic a te d ,  as is  th e  presumed 





F i g u r e  1 . 5  T o p o l o g y  o f  r e a c t i o n s  c a t a l y s e d  by t h e  
reso lvases  and th e  DNA in v e r ta s e s .  R eso lu t ion  c a ta ly s e d  by 
reso lvase  goes v i a  a - 3  synapse and produces a simple  
( - 2 )  catenane as shown. In v e rs io n  by the  DNA in v e r ta s e s  
produces an unknotted c i r c l e  and goes vi a  a - 2  synapse as 
shown. The - 3  synapse between r es  s i t e s  may be s t a b i l i s e d  
by i n t e r - w r a p p i n g  o f  s u b - s i t e s  I I  and I I I  a r o u n d  
reso lv a s e .  The - 2  synapse in  the  in v e rs io n  re a c t io n s  may 
be s t a b i l i s e d  by F is /e n h an c e r  i n t e r a c t i o n s  as shown.
F i g u r e  1 . 6  The " s i m p l e  r o t a t i o n "  model f o r  s t r a n d  
exchange. The DNA is  drawn as a r ibbon ,  and recombinase  
monomers are  shown as s t i p p l e d  e l l i p s e s .
re c o m b in a t io n  r e a c t i o n s  c a t a l y s e d  by r e s o l  v a s e s  and 
i n v e r t a s e s  can be a c c o u n t e d  f o r  by t h e  d i f f e r e n t  
t o p o l o g i e s  r e q u i r e d  f o r  s t r a n d  e x c h a n g e .  R e s o l u t i o n  
r e a c t io n s  occur v i a  a - 3  synapse (F ig  1 . 5 ) .  T h is  synapse 
i s  thought t o  be s t a b i l i s e d  by the  b ind ing  o f  reso l  vase to  
th e  in t e r - w r a p p e d  a c c e s s o ry  s u b - s i t e s  I I  and I I I  ( F i g  
1 .5 ;  S ta rk  e t  a 7, 19 89a ) .  The in v e rs io n  r e a c t io n s  go v i a  a 
- 2  s y n a p s e ,  w h ic h  i s  t h o u g h t  t o  be s t a b i l i s e d  by 
i n t e r a c t i o n s  between th e  F is  p r o t e in  and th e  enhancer s i t e  
(F ig  1 .5 ;  B r u i s t  e t  a7, 1987; Kanaar e t  a7, 1 9 8 9 ) .
1 .5  The lambda in t e g r a s e  c la s s  o f  recombinases
The second ca teg o ry  o f  s i t e - s p e c i f i c  recombinases are  
r e l a t e d  t o  lambda i n t e g r a s e ,  and can be c o l l e c t i v e l y  
termed th e  " I n t "  f a m i l y .  They have a l a r g e  number o f  
b i o lo g ic a l  f u n c t io n s ,  ranging from phage i n t e g r a t i o n  and 
e x c is io n  (eg lambda, P h i80, 186 I n t  p r o t e in s ;  see Thompson 
and Landy, 1989 f o r  a r e v i e w ) ,  r e g u l a t i o n  o f  E.  c o l i  
f i m b r i a l  an t ig e n s  by i n v e r t i n g  a small p r o m o te r -c o n ta in in g  
DNA segment (FimB and FimE; Klemm, 1 9 8 6 ;  Dorman and 
H ig g in s ,  19 87 ) ,  transposon c o in t e g r a te  r e s o l u t i o n  (T np l  o f  
Tn4430; M a h i l lo n  and L e re c lu s ,  1988) ,  plasmid s t a b i l i s i n g  
in v e rs io n  (FLP o f  th e  ye ast  2 micron p lasmid; V o l k e r t  and 
Broach, 1986) ,  and plasmid s t a b i l i s i n g  monomerisation (Cre  
o f  P1; A us t in  e t  a l ,  1981; Abremski e t  a l ,  1983 and th e  D 
p r o t e in  o f  plasmid F; Lane e t  a 7, 1986 ; O’ Connor e t  ' a l ,
1986) .
Recombination systems belonging t o  the  I n t  c la s s  are  
d is t in g u is h e d  from th e  resol  v a s e / in v e r t a s e  systems by the  
fo l lo w i n g :
i )  P r o t e i n s  o f  t h e  I n t  f a m i l y  c o n t a i n  tw o  r e g i o n s  
(domains 1 and 2) o f  amino a c id  s i m i l a r i t y ,  a l tho ugh  FLP 
has no match to  domain 1 (F ig  5 .1 0 ;  Argos e t  a 7, 1986 ) .
i i )  The r e c o m b i n a s e  becomes c o v a l e n t l y  l i n k e d  t o  a 
recessed 3 ’ phosphate v i a  a phospho-ty ros ine  l in k a g e .  The 
a c t i v e  s i t e  t y r o s i n e  i s  c o n t a i n e d  w i t h i n  t h e  c o n s e r v e d  
dom ain  2 ( P a r g e l l i s  e t  a l , 1 9 8 8 ;  G r o n o s t a j s k i  and  
Sadowski , 1985a; Prasad e t  a l , 1987;  W i e r z b i c k i  e t  a l ,
1987) .
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i i i )  R e c o m b i n a t i o n  o c c u r s  v i a  a H o l l i d a y  j u n c t i o n  
in te rm e d ia te  ( P a r g e l l i s  e t  a 7, 1988; Jayaram e t  a 7, 1988; 
Hoess e t  a 7, 1987 ) .
i v )  The I n t  f  ami 1 y a p p e a r s  t o  h a v e  s o m e w h a t  l e s s  
t o p o l o g i c a l  s e l e c t i v i t y  and s p e c i f i c i t y  t h a n  t h e  
r e s o l  v a s e s  and i n v e r t a s e s .  I n  m o s t  s y s t e m s ,  t h e  
recombinase can c a t a ly s e  d e l e t i o n ,  in v e r s io n  and fu s io n  
r e a c t i o n s .  ( P o l l o c k  and Nash, 19 83;  G r o n o s t a j s k i  and 
Sadowski, 1985c; Abremski e t  a7, 1983) .  Lambda I n t  -  and 
FLP -  c a ta ly s e d  recombinat ion appears t o  t a k e  p la c e  a f t e r  
random c o l l i s i o n  o f  r e c o m b i n a t i o n  s i t e s .  R e a c t i o n s  
c a t a l y s e d  by th e s e  enzymes y i e l d .  ' m u l t i p i y  c a t e n a t e d  
d e l e t i o n  products and m u l t i p l y  knotted  in v e r s io n  products  
(P o l lo c k  and Nash, 1983; B ea t ty  e t  a l , 1 9 86 ) .  Cre ,  on the  
o t h e r  hand ap pea rs  t o  use a r e a c t i o n  m echanism  w h ich  
exludes in te rdo m a ina l  s u p e rc o i ls  from the  synapse, and 
y i e l d s  m a in ly  f r e e  c i r c l e s  and s i m p l e  c a t e n a n e s  as 
d e l e t i o n  products (Abremski e t  a l ,  1983) .
The I n t  f a m i l y  o f  r e c o m b i n a t i o n  s y s t e m s  can  be 
d iv id e d  in to  the  minimal systems (eg FLP/FRT and C r e /  l o x ) , 
which have s im ple  s i t e s  and re q u i re  on ly  th e  recombinase  
p r o t e i n ,  and the  complex systems (eg lambda and r e l a t e d  
phage i n t e g r a s e s )  which have complex s i t e s  and r e q u i r e  
accessory p r o t e in s  as w e l l  as the  recombinase.
1 .5 .1  Lambda i n t e g r a t i o n  and e x c is io n
Lambda i n t e g r a t i o n  and e x c is io n  has been e x t e n s iv e ly  
s t u d i e d  both in v i t r o  and in v i v o  ( r e v i e w e d  by Landy,  
1989; Thompson and Landy, 1989) .  There a re  two pathways o f  
re c o m b in a t io n ,  one f o r  phage i n t e g r a t i o n  and one f o r  
e x c is io n .  The i n t e g r a t i v e  pathway recombines a t t P  (POP’ ) 
w ith  a t tB  (BOB’ ) ' t o  form a t t L  (BOP’ ) and a t t R  (POBV), and 
r e q u i r e s  th e  phage-encoded I n t  p r o t e i n  as w e l l  as t h e  
ho st-encod ed  I H F . The e x c i s i v e  pa thw ay  r e c o m b in e s  a t t L  
w ith  a t t R  to  reform a t t P  and a t tB ,  but i s  not  th e  reverse  
o f  i n t e g r a t i v e  recom binat ion .  I t  re q u i re s  I n t ,  IHF and the  
phage-encoded X is  p r o t e in  and is  s t im u la te d  by th e  h o s t -  
encoded F is  p r o t e i n .  By r e g u la t in g  th e  express ion  o f  X is ,
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lambda can fa v o u r  e i t h e r  i n t e g r a t i o n  or  e x c is io n  t o  s u i t  
i t s  1i f e  e y e 1e .
The a t t P  s i t e  (240 bp) i s  complex, c o n s i s t in g  o f  13 
d i f f e r e n t  b ind ing  s i t e s  f o r  th e  fo u r  p r o t e in s  ( I n t ,  IHF,  
Xis  and F i s )  invo lved  in  lambda i n t e g r a t i o n  and e x c is io n  
(F ig  1 .7 ;  Bushman e t  a l ,  1984; Thompson e t  a7, 1987 ) .
I n t ,  IHF, X is  and F is  ta k e  p a r t  in  v a r io u s  c o m p e t i t i v e  and
c o op e ra t iv e  i n t e r a c t i o n s  in  b ind ing  t o  t h e i r  s i t e s  w i t h i n  
a t t P  (Bushman e t  a 7, 1984; Thompson e t  a7, 1987 ) .
Strand exchange occurs a t  two c o re - ty p e  I n t  b ind ing
s i t e s  in  a t t P . These c o r e - t y p e  s i t e s  a r e  a r r a n g e d  in  
i n v e r t e d  r e p e a t ,  f l a n k i n g  a 7 bp s p a c e r .  I n t  makes  
t r a n s i e n t  n i c k s  a t  t h e  b o u n d a r i e s  o f  t h i s  s p a c e r  
re g io n ,  and becomes c o v a l e n t ly  l in k e d  to  the  3 ’ end o f  the  
DNA v ia  a ph ospho-ty ro s ine  l in k a g e ,  lea v in g  a f r e e  5 ’ 
p ro t ru d in g  OH (F ig  1 .7 ;  C ra ig  and Nash, 1983; P a r g e l l i s  e t  
a 7, 1988) .
The a t t B  s i t e  is  c o m p ara t ive ly  s im p le ,  c o n s is t in g  o f  
two c o re - ty p e  I n t  b ind ing  s i t e s  f l a n k i n g  a 7 bp spacer  
(F ig  1 . 7 ) .  The a t t B  sequence is  i d e n t i c a l  to  th e  a t t P  
sequence f o r  15 bp in  a r e g io n  w h ic h  i n c l u d e s  t h e  7bp 
s p a c e r .  Lambda I n t  makes s t a g g e r e d  n i c k s  in  a t t B  in  
p o s i t io n s  t h a t  correspond to  the  staggered n icks  in  a t t P  
(F ig  1 .7 ;  C ra ig  and Nash, 1983) .
I n t  binds to  a second c la ss  o f  sequences w i t h i n  a t t P ,  
th e  a rm - ty p e  b in d in g  s i t e s  ( F i g  1 . 7 ) .  The I n t  p r o t e i n  
conta ins  two s epara te  domains resp o n s ib le  f o r  b in d in g  to  
th e  two c la s s e s  o f  s i t e .  P r o t e o l y t i c  c l e a v a g e  o f  I n t  
produces an N - t e r m i n a l  f r a g m e n t  o f  7 . 5  kDa w h ic h  b in d s  
s p e c i f i c a l l y  t o  t h e  a r m - t y p e  s i t e s  and a C - t e r m i n a l  
p r o t e o l y t i c  fragment o f  32 kDa which binds to  th e  co re ­
type s i t e s  (Moitoso de Vargas e t  a l , 19 88 ) .  The C - te rm in a l  
f r a g m e n t  r e t a i n s  some c a t a l y t i c  ( t o p o i s o m e r a s e  and  
H o l l id a y  ju n c t io n  r e s o l u t i o n )  a c t i v i t y  (Moitoso de Vargas  
e t  a l , 1988) .
I n t e g r a t i v e  recombinat ion re q u i re s  s u p e r c o i l i n g  o f  
a t t P  (Mizuuchi and M izuuchi;  1979) .  S u p e rc o i l in g  o f  a t t P  
i s  th o u g h t  t o  f a v o u r  th e  assem bly  o f  an i n t e r - w r a p p e d  
nu c le o p ro te in  s t r u c t u r e  c o n ta in in g  I n t  and IHF ( R i c h e t  e t  
a l , 1 9 8 6 ) .  T h is  " in t a s o m e " i s  t h o u g h t  t o  c a p t u r e  an
11
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unbound a t t B  s i t e ,  a f t e r  w h ich  r e c o m b i n a t i o n  o c c u r s  
‘ (R ic h e t  e t  a l ,  19 88 ) .  The b ind in g  o f  IHF to  s i t e s  w i t h i n  
a t t P  bends th e  DNA s u b s t a n t i a l l y  (Thompson and L a n d y ,
1988)  and i s  th o u g h t  t o  h e lp  i n  t h e  f o r m a t i o n  o f  t h e  
in te r -w rap p ed  intasome s t r u c t u r e .
E x c is iv e  recombinat ion does not re q u i re  s u p e r c o i l i n g  
and i s  s t i m u l a t e d  by F i s  and X i s .  X i s  and F i s  a r e  
p o s tu la te d  to  a p lay  a s i m i l a r  r o le  to  IHF, h e lp in g  to  
assemble s p e c i f i c  n u c le o p ro te in  s t r u c t u r e s  r e q u i re d  f o r  
e x c i s i v e  r e c o m b i n a t i o n  b u t  i n h i b i t i n g  i n t e g r a t i v e  
recom binat ion .
I n t  c a t a l y s e s  r e c o m b in a t io n  v i a  two i n d e p e n d e n t  
s t ra n d  exchange r e a c t io n s  ( F ig  1 . 8 ) .  The f i r s t  o f  these  
forms a H o l l i d a y  s t r u c t u r e  w h ic h  i s  th e n  c o n v e r t e d  t o  
com p le te  recom binant  by a second s t r a n d  e x c h a n g e .  The  
f i r s t  p iece  o f  ev idence f o r  t h i s  came from the  o b s e rv a t io n  
o f  Hsu and Landy (1 9 8 4 )  t h a t  lambda I n t  can r e s o l v e  
a r t i f i c i a l  H o l l id a y  ju n c t i o n  in te r m e d ia te s .  The presence  
o f  a l l  f o u r  c o re - ty p e  I n t  b ind ing  s i t e s  is  a l l  t h a t  is  
r e q u i r e d  f o r  t h i s  a c t i v i t y .  F u r t h e r  e v i d e n c e  came f ro m  
s tudy ing  th e  r e a c t io n s  o f  s u ic id e  s u b s t ra te s  w i t h  e i t h e r  a 
n ick  (Nunes-Duby e t  a l , 1987) o r  a phosphoro th ioate  ( K i t t s  
and Nash, 1988) in  th e  7 bp s p a c e r  r e g i o n .  Presumed  
recombinat ion in te r m e d ia te s ,  c o n ta in in g  H o l l id a y  j u n c t i o n s  
and c o v a l e n t l y  bound p r o t e in - D N A  c o m p le x e s ,  a c c u m u l a t e  
when th e s e  s u i c i d e  s u b s t r a t e s  a r e  i n c u b a t e d  w i t h  I n t .
' These experiments were used to  show t h a t  s t ra n d  exchange  
occurs in a s p e c i f i c  o r d e r .  F i r s t ,  the  top s t ra n d s  (as  
drawn in  Fig 1 .8 )  a re  c u t ,  exchanged and r e - l i g a t e d .  Th is  
i s  f o l l o w e d  by H o l l i d a y  j u n c t i o n  b r a n c h  m i g r a t i o n ,  
r e q u i r i n g  homology in  th e  spacer reg io n .  The r e a c t i o n  is  
completed  by c le a v a g e ,  exchange and r e - l i g a t i o n  o f  t h e  
bottom s t ra nds .  The o rd e r  o f  these c leavages appears t o  be 
governed, not by the  asymmetry o f  the  core re g io n s ,  but  by 
the  asymmetric arrangement o f  p r o t e in s  bound to  th e  P and 
P* arms ( K i t t s  and Nash, 1988) .
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F igure  1 .8  Proposed mechanism f o r  lambda i n t e g r a t i o n .
Top s t rands  are  exchanged f i r s t  (A ) ,  fo l lo w e d  by H o l l i d a y  
j u n c t io n  branch m ig ra t io n  (B) and bottom s trand  exchange  
(C) to  y i e l d  recombinant.
1 . 5 . 2  FLP and Cre reco m b ination
FLP and Cre c a t a ly s e  recombinat ion by a mechanism 
very s i m i l a r  to  t h a t  used by lambda I n t  (see Cox, 1989 f o r  
a re v ie w  o f  FLP and comparison t o  C r e ) .  The c o n s e rv e d  
t y r o s in e  o f  both these  p r o te in s  appears to  be in v o lv ed  in  
c a t a l y s i s  o f  r e c o m b in a t io n .  An i n t e r m e d i a t e  has been 
i s o l a t e d ,  i n  w h ic h  t h e  r e c o m b i n a t i o n  s i t e  DNA i s  
c o v a le n t ly  l in k e d  t o  th e  conserved (domain 2 ) t y r o s i n e  o f  
FLP ( G r o n o s t a js k i  and Sadow sk i ,  1 9 85 a ;  J a y a r a m ,  p e r s .  
comm.). M uta t ion  o f  th e  domain 2 t y r o s in e  in  Cre leads to  
a p r o t e i n  w i t h  w i l d  ty p e  DNA b i n d i n g  a c t i v i t y  b u t  no 
recombinase a c t i v i t y  (W ie rz b ic k i  e t  a l , 1987) .
The recombinat ion re a c t io n s  appear to  go v ia  H o l l i d a y  
ju n c t io n  in te rm e d ia te s  (Jayaram e t  a l , 1988; Hoess e t  a l ,  
1 9 8 7 ) .  Homology between th e  s p a c e r  r e g i o n s  o f  t h e  two  
p a r t i c i p a t i n g  s i t e s  i s  r e q u i r e d  f o r  e f f i c i e n t  
recombinat ion (S e n e co f f  and Cox, 1986; Hoess e t  a l ,  1986) .  
This  homology is  probab ly  requ ire d  f o r  branch m ig ra t io n  
o f  the  H o l l id a y  j u n c t i o n  across the  spacer re g io n .
The re c o m b in a t io n  s i t e s  f o r  FLP and C re  a r e  much 
s im p l e r  than th e  lambda a t t  s i t e s .  The l o x  s i t e  o f  P1
co nta ins  two 13 bp Cre binding s i t e s  (corresponding  t o  the
c o re - ty p e  s i t e s  o f  lambda a t t )  f l a n k i n g  an 8  bp spacer  
(F ig  1 .9 ;  Hoess and Abremski, 1985) .  Cre c leaves  th e  lox 
s i t e  to  leave a 6 bp staggered c u t ,  w i th  a f r e e  p ro t ru d in g  
5 ’ 0H and a recessed 3 * phosphate c o v a l e n t ly  l in k e d  t o  the  
recombinase (F ig  1 .9 ;  Hoess and Abremski, 1 9 85 ) .  The FRT 
s i t e  cons is ts  o f  two 13 bp FLP b ind ing s i t e s  f l a n k i n g  an 
8 bp spacer,  but has an a d d i t io n a l  13 bp FLP b ind in g  s i t e  
located  a t  one s id e  (F ig  1 .9 ;  Andrews e t  a l ,  1 9 85 ) .  Only 
the  two in v e r te d  13 bp repeats  are  a b s o l u te ly  re q u i re d  
f o r  F L P - m e d i a t e d  r e c o m b i n a t i o n  ( G r o n o s t a j s k i  and  
Sadowski, 1985b). FLP c leaves the  FRT s i t e  to  le a ve  an 
8 bp staggered cu t  w i th  a p ro t ru d in g  5 ’ OH and a recessed  
3 ’ phosphate c o v a l e n t ly  l in k e d  to  the  recombinase (Andrews 
e t  a l ,  1987)
N e i t h e r  FLP o r  Cre r e q u i r e  s u p e r c o i l i n g  o f  t h e i r
s u b s t ra te s ,  and both enzymes can c a r ry  out both
13
a t t B AGCCT GCTTTTTT AT ACT AACTT GA
TCGGACGAAAAAAT AT GATT GAACT
a t t P GTT CAGCTTTTTT AT ACT AAGTTGG
CAAGTCGAAAAAATATGATTCAACC
--------------------------J,
lo x P AT AACTT CGT AT AAT GT AT GCT AT ACGAAGTT AT 
T ATT GAAGCATATTACATACpATAT GCTTCAATA
aI
FRT GAAGTT CCT AT ACTTTCTAGAGAAT AGGAACTTCGGAAT AGGAACTT C 
CTTCAAGGATATGAAAGATCTCTTATCCTTGAAGCCTTATCCTTGAAG
r  ■ -
F ig u re  1 .9  The sequences o f  crossover  s i t e s  f o r  lambda 
in  t e g  ra se  ( a t t  s i t e s ) ,  Cre ( 1 o x P ) and FLP ( F R T ) .  Each 
s i t e  is  c leaved on e i t h e r  s ide  o f  a spacer reg ion  ( c o r e )  
by t h e i r  r e s p e c t i v e  re c o m b in a s e .  FRT and 1 o x P c o n t a i n  
in v e r te d  repeat  sequences.
in te r m o le c u la r  and in t r a m o le c u la r  ( d e l e t i o n  and i n v e r s io n )  
r e c o m b in a t io n  e v e n ts  ( V e t t e r  e t  a l ,  19 8 4 ;  A brem sk i  and 
Hoess, 1984) .
1. 6 The x e r  genes
The o n l y  ColE1 s e q u e n c e  r e q u i r e d  f o r c e r  s i t e -  
s p e c i f i c  recombinat ion i s  th e  250 bp c e r  s i t e .  The small  
s iz e  o f  ce r  and the absence o f  any coding reg ion  conserved  
between ce r  and r e la t e d  recombinat ion s i t e s  suggested t h a t  
cer  does not encode a s i t e - s p e c i f i c  recombinase. T h is  led  
to  th e  proposal t h a t  host encoded fu n c t io n s  ( x e r  genes f o r  
chromosomal 1 y encoded . reco m b ina se )  a c t  a t  c e r  t o  b r i n g  
about s i t e - s p e c i f i c  recombinat ion (Summers e t  a 7, 1 9 8 5 ) .
A scheme was t h e r e f o r e  devised to  s e l e c t  f o r  mutants  
d e f e c t i v e  i n  ge nes  r e q u i r e d  f o r  c e r  r e c o m b i n a t i o n  
( S t i r l i n g  e t  a l , 1988a) .  The s e l e c t i o n  procedure used the  
pseudo-d im eric  plasmid pKS455, which c o n ta ins  two d i r e c t l y  
r e p e a t e d  c o p i e s  o f  c e r  f l a n k i n g  a c h l o r a m p h e n i c o l  
r e s i s t a n c e  marker ( c a t ) .  S i t e - s p e c i f i c  r e c o m b i n a t i o n  
between the c e r  s i t e s  o f  pKS455 produces two c i r c l e s ,  and 
e f f e c t i v e l y  i s o l a t e s  t h e  c a t  gene  f r o m  t h e  p l a s m i d  
r e p l i c a t i o n  o r i g i n  ( s e e  F i g  4 . 1 ) .  T h u s ,  pKS455  
t r a n s f o r m a n t s  o f  w i l d - t y p e  E . c o l i  s t r a i n s  a r e  
chloramphenicol s e n s i t i v e .  Mutagenised po p u la t io n s  were 
t ransformed w i th  pKS455 and x e r  mutants were s e le c te d  by 
v i r t u e  o f  t h e i r  r e s is ta n c e  to  chloramphenicol ( S t i r l i n g ,  
1988a) .
A t o t a l  o f  11 independent x e r  mutants were i s o l a t e d  
from Tn5 mutagenised po pu la t io ns  (S te w a r t ,  1986; S t i r l i n g ,  
1987) .  This c o l l e c t i o n  o f  mutants was used to  c lone  the  
w i ld  type  x e r  genes by complementation. Th is  re ve a le d  t h a t  
th e  11 m utants f e l l  i n t o  two d i f f e r e n t  c o m p l e m e n t a t i o n  
groups. Two mutants were d e f e c t i v e  in  xerA, and th e  o t h e r  
nine mutants were d e f e c t i v e  in  xerB.  The xerA gene was 
mapped to  70 .5  minutes ( S t i r l i n g  e t  a 7, 1988b) and the
xerB  gene was mapped t o  9 6 .5  m in u te s  ( S t i r l i n g  e t  a l , 
1989) on th e  E. c o l i  chromosome. Both genes have  been  
over-expressed and t h e i r  gene products p u r i f i e d  t o  near  
homogeneity.
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The n u c l e o t i d e  s e q u e n c e  o f  t h e  x e r A  ge ne  was 
determined and shown to  be i d e n t i c a l  t o  th e  sequence o f  
ar gR , encod ing  th e  a r g i n i n e  r e p r e s s o r  ( S t i r l i n g  e t  a7 ,  
1988b; Lim e t  a l ,  1 9 8 7 ) .  The a r g i n i n e  r e p r e s s o r  ( a l o n g  
w ith  i t s  c o - re p re s s o r  L - a r g i n i n e )  is  a n e g a t iv e  r e g u la t o r  
o f  genes invo lved  in  a r g i n i n e  b io s y n th e s is  (see  G la n s d o r f ,  
1987 f o r  a r e v ie w ) .  ArgR binds to  o p e ra to r  s i t e s  w i t h i n  
th e  prom oters  o f  th e  a r g i n i n e  b i o s y n t h e t i c  o p e r o n s ,  
repress ing  t r a n s c r i p t i o n . These o p e ra to rs  each co n ta in  
two copies o f  a lo o s e ly  conserved (dyad symmetric)  18 bp 
Arg box. There are  a ls o  two copies o f  the  Arg box upstream  
o f  t h e  a r g R  g e n e ,  o v e r l a p p i n g  w i t h  one o f  t h e  a r g R  
promoters. ArgR binds to  these sequences in v i t r o  (L im e t  
a l , 1987; G. S z a t m a r i , pers .  comm.) and i t  seems l i k e l y
t h a t  sy n th es is  o f  argR  i s  a u to r e g u la to r y .
The cer  s i t e  co n ta in s  one copy o f  the  18 bp Arg box 
(F ig  1 . 2 ) ,  to  which ArgR has been shown to  bind in v i t r o  
( S t i r l i n g  e t  a l , 1988b; G. S za tm ar i ,  pe rs .  comm.). This
b in d in g  is  a b s o l u t e l y  de p e n d e n t  on t h e  p r e s e n c e  o f  L -  
a r g i n i n e .  However, i t  is  l i k e l y  t h a t  i n t r a c e l l u l a r  l e v e l s  
o f  L - a r g i n i n e  a r e  h igh  enough u nde r  most p h y s i o l o g i c a l  
c o n d i t i o n s  f o r  most c e l l u l a r  Arg boxes t o  be bound by 
A rg R .  The ArgR b i n d i n g  s i t e  i n  c e r  i s  l o c a t e d  
approx im ate ly  100  bp from the crossover  s i t e  in  c e r  and 
o ver lap s  w ith  a promoter w i t h in  ce r  (F ig  1 . 2 ) .  However, i t  
seems u n l i k e l y  t h a t  th e  r e q u i r e m e n t  f o r  ArgR i n  c e r  
r e c o m b i n a t i o n  s i m p l y  r e f l e c t s  a need  t o  r e p r e s s  
t r a n s c r i p t i o n  from t h i s  promoter. The. b ind ing  o f  ArgR to  
t h i s  s i t e  in  ce r  could be involved in  the  assembly o f  a 
higher  o rder  prote in -DNA complex, necessary f o r  normal cer  
s i t e - s p e c i f i c  recom binat ion .
The p re d ic te d  XerB amino ac id  sequence d is p la y s  no 
sequence s i m i l a r i t y  to  any known recombinase. At th e  t ime  
work on t h i s  t h e s i s  began, no i n s ig h t  had been gained in t o  
the  r o l e  o f  XerB in  ce r  recombinat ion .
1 .7  The ce r  s i t e
The fu n c t io n a l  ce r  s i t e  was o r i g i n a l l y  d e f in e d  to  a 
282 bp H pa l l  -  TaqI fragment from ColE1, c o o rd in a te s  3687-
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3969 on th e  sequence o f  Chan e t  a l  (1985 )  (Summers and 
S h e r r a t t ,  1 9 8 4 ) .  Two d i r e c t l y  r e p e a t e d  c o p i e s  o f  t h i s  
f r a g m e n t  a r e  a l l  t h a t  i s  r e q u i r e d  f o r  e f f i c i e n t  s i t e -  
s p e c i f i c  r e c o m b in a t io n .  Many o t h e r  p l a s m id s  c o n t a i n  
r e g i o n s  w i t h  s i m i l a r  s e q u e n c e s  t h a t  a l s o  s e r v e  as  
s u b s t ra te s  f o r  monomerisng s i t e - s p e c i f i c  recom binat ion  
(F ig  1 . 2 ) .
The c r o s s o v e r  s i t e  o f  c e r  was i n i  t i  a l  1 y mapped by 
sequencing th e  hybr id  produced by recombinat ion  between 
ColE1 c e r  and the  s i m i l a r  c k r  s i t e  from ColK. Th is  showed 
t h a t  recombinat ion occurred w i t h i n  a 35 bp reg io n  c lo s e  to  
the  r i g h t  hand end o f  c e r ,  between ColE1 c o o rd in a te s  3907 
and 3942 (Summers e t  a l , 1985 ) .  Sequence comparison o f  the  
r e l a t e d  m ult imer  r e s o lu t i o n  s i t e s  suggest t h a t  th e  r i g h t  
hand boundary o f  c e r  i s  probab ly  a t  about c o o rd in a te  3940,  
where t h e r e  i s  an a b r u p t  sequence d i v e r g e n c e  be tw ee n  
Co1E1, pMB1 and CloDF13 (F ig  1 . 2 ) .
Exonuclease I I I  d e l e t i o n s  i n t o  t h e  282 bp H p a l l  -  
TaqI f ragment,  from th e  H p a l l  end, were used t o  d e f in e  the  
l e f t  hand b o u n d a r y  o f  t h e  c e r  s e q u e n c e .  D e l e t i o n  
d e r i v a t i v e s  o f  c e r  were  a ssay ed  f o r  t h e i r  a b i l i t y  t o  
reso lve  plasmid dimers.  D e le t io n  as f a r  as c o o r d in a te  3733 
l e f t  a 233 bp s i t e  ( D 3 7 3 3 )  w h ic h  r e t a i n e d  f u l l  c e r  
f u n c t i o n  (Summers and S h e r r a t t ,  1 9 8 8 ) .  D e l e t i o n  o f  a 
f u r t h e r  4 bp (D 3737 )  reduced t h e  e f f i c i e n c y  o f  d im e r  
r e s o lu t io n  and when a f u r t h e r  11 bp was removed (D3748)  
a l l  d imer  r e s o l u t i o n  a c t i v i t y  was l o s t  (Summers and 
S h e r r a t t ,  1988) .
The cer  sequence can be d iv id e d  i n t o  t h r e e  reg ions  on 
the  basis  o f  sequence s i m i l a r i t y  to  o th e r  c e r - l i k e  s i t e s  
(F ig  1 . 2 ) .  The reg ion between c o o rd in a te s  3733 and 3793 is  
poor ly  conserved among th e  c e r  r e l a t e d  s i t e s .  The reg ion  
b e tw e e n  c o o r d i n a t e s  3 7 9 4  and 3 9 0 6  i s  more h i g h l y  
conserved. The crossover  region between 3907 and 3942 o f  
c e r  i s  th e  most h i g h l y  c o n s e rv e d .  A r e c o m b i n a t i o n  s i t e  
from R1 shows sequence s i m i l a r i t y  on ly  to  th e  crossover  
reg ion  o f  ce r  (F ig  1 .2 ;  C le r g e t ,  1984) .
The l e a s t  conserved re g io n ,  between c o o rd in a te s  3733 
and 3 7 93  i s  o n l y  r e q u i r e d  i n  one co py  f o r  c e r  
re c o m b in a t io n .  A l th ough  D3748 d i d  n o t  re c o m b in e  w i t h
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another  copy o f  th e  same s i t e ,  i t  d id  recombine w i t h  a 
f u l l  l e n g t h  c e r  s i t e .  P r o g r e s s i v e  d e l e t i o n s  as f a r  as  
c o o r d i n a t e  3793 g r a d u a l l y  re d u c e d  t h e  e f f i c i e n c y  w i t h  
which recombinat ion  between d e le te d  and f u l l  le n g th  s i t e s  
occurred (Summers and S h e r r a t t ,  1988) .  D e le t io n  as f a r  as 
c o o r d i n a t e  3800 produced a 169 bp s i t e  w h ic h  d i d  n o t  
r e c o m b i n e  w i t h  a f u l l  l e n g t h  c e r  s i t e  (S um m ers  and  
S h e r r a t t ,  19 88 ) .
A l th o u g h  th e  sequence o f  t h e  l e f t  hand b o u n d a ry  
region o f  c e r  is  not  w e l l  conserved, a l l  o f  th e  c e r - l i k e  
sequences c o n t a i n  AT r i c h  and GC r i c h  s e q u e n c e s  w h ic h  
a l t e r n a t e  w i th  a p e r i o d i c i t y  o f  approx im ate ly  10 bp. I t  
has been shown t h a t  AT r i c h  sequences p r e f e r e n t i a l  1 y l i e  
w ith  t h e i r  minor grooves on th e  in s id e  o f  bends and GC 
r i c h  sequences p r e f e r e n t i a l l y  l i e  w i th  t h e i r  minor grooves  
on the  o u ts id e  o f  bends on th e  nucleosome core  (Drew and 
T ra v e rs ,  1985) .  I t  has been suggested t h a t  th e  n u c le o t id e  
sequence o f  th e  l e f t  hand boundary region o f  c e r  i s  not  
im portant  p e r  se, but t h a t  i t s  a b i l i t y  to  bend t o  f o l l o w  a 
s p e c i f i c  curved  pa th  i s  a l l  t h a t  i s  i m p o r t a n t  f o r  c e r  
re c o m b in a t io n  (Summers and S h e r r a t t ,  1 9 8 8 ) .  I n  c e r  t h e  
f u n c t io n  o f  th e  l e f t  hand boundary region can in  p a r t  be 
perform ed  by an u n r e l a t e d  sequence  w h ich  f o r t u i t o u s l y  
c o nta ins  a l t e r n a t i n g  AT r i c h  and GC r ic h  sequences in  th e  
c o r r e c t  p o s i t io n  (Summers and S h e r r a t t ,  1988) .
The r e g io n  between c o o r d i n a t e s  3794  and 3 9 0 6  i s  
h ig h ly  conserved among the  c e r - l i k e  s i t e s  and is  r e q u i r e d  
i n  both recom b in ing  p a r t n e r s .  T h i s  r e g i o n  c o n t a i n s  a 
promoter which d i r e c t s  t r a n s c r i p t i o n  towards th e  c ro s s o v e r  
re g io n .  T r a n s c r ip t io n  from t h i s  promoter does not  appear  
to  be e s s e n t ia l  f o r  ce r  recom binat ion .  A m uta t ion  which  
reduces t r a n s c r i p t i o n  from t h i s  promoter by a p p ro x im a te ly  
60 f o l d  has no e f f e c t  on ce r  recombinat ion (Summers and 
S h e r r a t t ,  1989) .  The r o l e  o f  t r a n s c r i  p t io n  in  c e r  s i t e -  
s p e c i f i c  recombinat ion and plasmid maintenance remains  
u n c le a r .
Overlapp ing w i th  the  promoter i s  an 18 bp Arg box 
sequence, to  which ArgR binds in v i t r o , in th e  presence o f  
L - a r g in in e  ( S t i r l i n g  e t  a7, 1988b).  The D3800 d e l e t i o n ,
which is  the f i r s t  d e l e t i o n  to  a b o l is h  recom binat ion  w i t h
17
a f u l l  l e n g t h  c e r  s i t e ,  removes p a r t  o f  t h i s  Arg box,  
s u g g e s t i n g  t h a t  t h e  A rg  box i s  r e q u i r e d  i n  b o th  
recombining p a r t n e r s .  ArgR b inding to  the  Arg box in  cer  
may serve to  b r in g  two copies o f  ce r  to g e t h e r  in  a h igher  
order  sy na p t ic  complex.
In  o r d e r  t o  map th e  c r o s s o v e r  s i t e  o f  c e r  more 
a c c u r a t e l y ,  a p las m id  was c o n s t r u c t e d  t h a t  c o n t a i n e d  a 
copy o f  th e  CloDF13 parB  s i t e  in  d i r e c t  r e p e a t  w i t h  a 
ColE1 cer  s i t e .  Recombination occurred a t  Tow frequency to  
produce two c la s s e s  o f  h y b r id  c e r - p a r B  s i t e  (Summers,
1 9 8 9 ) .  Both c la s s e s  o f  h y b r i d  a p p e a re d  t o  have  been 
produced by a recombinat ion event  t h a t  took p lace  w i t h in  
the  p re v io u s ly  d e f in e d  crossover  region (F ig  1 . 1 0 ) .
The tw o c l a s s e s  o f  h y b r i d  have  q u i t e  d i f f e r e n t  
p r o p e r t i e s .  The c l a s s  I  h y b r i d  behaves  e x a c t l y  l i k e  a 
w i l d - t y p e  ce r  s i t e ,  r e s o lv in g  mult imers in  a XerA and XerB 
dependent fa sh io n  (Summers, 1989) .
The c l a s s ' l l  h y b r id ,  though d i f f e r i n g  from th e  c la ss  
I  hybr id  on ly  by th e  d e l e t i o n  o f  2 bp in  th e  crossover  
re g io n  ( F i g  1 . 1 0 ) ,  s u p p o r ts  bo th  i n t e r m o 1 ecu 1a r  and 
in t ra m o le c u la r  recombinat ion (Summers, 19 89 ) .  Plasmids  
c o n ta in in g  the  type I I  hybr id  r a p id ly  form a m ix tu re  o f  
m u lt im e r ic  forms in E. c o l i  (Summers, 1989) .  Furtherm ore ,  
recombination a t  th e  t y p e ' l l  hybr id  does not r e q u i r e  the  
p r o d u c t s  o f  e i t h e r  t h e  x e r A  o r  t h e  x e r B  g e n e s .  A l l  
s e q u e n c e s  n e c e s s a r y  f o r  x e r A , x e r B  i n d e p e n d e n t  
recombination a t  the  type  I I  hybr id  l i e  w i t h i n  a 50 bp 
M lu l  -  Taq I  f r a g m e n t  (Summers, 1 9 8 9 ) .  T h i s  f r a g m e n t  
co nta ins  the p re v io u s ly  d e f in ed  crossover reg ion  o f  ce r ,  
but excludes the f l e x i b l e  l e f t  hand reg ion and th e  ArgR 
binding s i t e .  In  the  presence o f  ArgR and XerB, th e  f u l l  
l e n g t h  t y p e  I I  h y b r i d  r e t a i n s  some b i a s  t o w a r d s  
in t ra m o le c u !a r  recom binat ion .  However, i f  e i t h e r  xerA  or  
x e r B  i s  d e f e c t i v e ,  o r  i f  t h e  l e f t  hand ( A r g  b o x -  
c o n ta in in g )  region o f  ce r  i s  missing,  t h i s  b ias  towards  
in t ra m o le c u la r  recombinat ion is  removed. I t  appears t h a t  
ArgR, XerB and the upstream region o f  c e r  a c t  t o g e t h e r  to  
impose in t ra m o le c u la r  d i r e c t i o n a l i t y  on cer  reco m b in a t ion .
Because th e  ty p e  I I  h y b r i d  can re c o m b in e  i n  t h e  
absence of ArgR and XerB, and because n e i t h e r  XerB o r  ArgR
18
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show amino ac id  s i m i l a r i t y  to  any known recombinase, i t  
seemed l i k e l y  t h a t  n e i t h e r  was t h e  c e r  r e c o m b in a s e .  I t  
t h e r e f o r e  seemed p r o b a b le  t h a t  a t  l e a s t  one more gene  
re q u ire d  f o r  s i t e - s p e c i f i c  recombinat ion a t  c e r  (encoding  
the  recombinase) remained t o  be d iscovered .
P r o j e c t  aims
The aims o f  th e  p r o j e c t  were:
1) To c h a r a c t e r i s e  th e  c lo n e d  x e rB  gene f u r t h e r  and  
i n v e s t i g a t e  i t s  f u n c t io n .
2) To i s o l a t e  f u r t h e r  x e r  mutants w i th  m uta t ions in  new 
x e r  genes, ir>, the  hope t h a t  th e  recombinase gene could  be 
i d e n t i f i e d .





T ab le  2 .1  B a c te r ia l S tra in s
S t r a i n  Genotype
AB1157 t h r - 1 , 1euB6, h is G 4 , t h i - 1 ,
a r a - 1 4 , A ( gpt- proA) 6 2 . argE3 
g a lK 2 , supE44, x y 1 - 5 , m t l - 1 ,
t s x - 3 3  lacY1, rpsL31
DS902 ( AB2463) AB1157, but recA13
DS903 AB1157, but recF143
DS941 DS903, but la c Z A M 1 5 ,  l a c l q
DS947 DS903, but A l a c I - l a c Z ,  sud°
DS953 DS941, but sup°
DS956 DS941, but xerA9 ( a r g R : : f o l )
JM101 supE, t h i ,  A d a c ,  proA, B ) , 
F ’ ( t ra D 3 6 ,  pro A , B,
1 a c Z A m1 5 l a c l q )
TG1 JM101, but hsdD5
CSH50 ( DS887) a r a ,  A ^ a c - p r o ) ,  t h i
JC7623 AB1157, but recBC, sbcBC
CGSC4311 ( KL226) re lA 1 ,  tonA22. p i t - 1 0 ,  spoT1, 
ompF627, H f r  P02A o f  C a v a l l i
CSX3 DS903, but xerA3 (a rg R : :T n 5 )
CSX 1 7 DS941, but xerB1 (peoA::Tn5)
HOM38b DS941, but peoA7 (spontaneous  
Val-Leu-NHg r e s i s t a n t  mutant)
PS6 ( DS981 ) DS941, but xerC2 (xerC::Km r )
SC1 DS941, but xerC1
SC2 CGSC4311, but xerC1
SC3 JC7623, but dapF Y30
SC4 JC7623, but o r f2 3 5  Y13
SC5 JC7623, but xerC Y17
SC6 JC7623, but o r f 238 Y2
SC7 DS941, but daoF Y30
SC8 DS941, but o r f 235 Y13
SC9 DS941, but xerC Y17
SC10 DS941, but o r f 238 Y2
SC1 1 CSH50, but xerC Y17
SC12 CSH50. but A f im B - f im H
SC13 SC12, but xerC Y17
Sou r c e / r e f e r e n c e  
Bachmann 1972
D. S h e r r a t t  
D. S h e r r a t t  
D. S h e r r a t t  
D. S h e r r a t t  
D. S h e r r a t t  
D. S h e r r a t t  
Yani sch-Perron  
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P1|<c Generalised transducing phage 
NK467 Suicide vector for Tn5 mutagenesis
M13mp18 Cloning vector derived from M13
M13mp19 Cloning vector derived from M13
mSDC1 M13mp18 + Hindlll fragment from pCS110
mSDC2 M13mp18 + Hindlll fragment from pCS110
mSDC3 M13mp18 + BamHI-EcoRI fragment from pCS110
mSDC4 M13mp18 + Hindlll-BamHI fragment from pCS110
mSDC12 H13mp19 + 1.2 kbp BglII fragment from pSDC100
mSDC13 M13mp18 + Hindlll-Ecorl fragment from pSDC103
mSDC14 M13mp19 + Hindlll-EcoRI fragment from pSDC103
mSDC15 M13mp19 + 389 bp BglII fragment from pVMK42
mSDC16 M13mp19 + 389 bp BglII fragment from pVMK42
mSDC17 M13mp19 + Hindlll-BamHI fragment from pDF3 Y13
mSDC18 M13mp19 + Hindlll-BamHI fragment from pDF3 Y17
mSDC19 M13mp19 + Hindlll-BamHI fragment from pDF3 Y2
mAS1 M13mp18 + 252 bp PstI fragment from pSDC102
mAS2 M13mp18 + 252 bp PstI fragment from pSDC102
mMB19.2 M13mp19 + PstI-Sau3A and Sau3A fragments
from pSDC102





Yanisch-Perron et al 1985





2-1 B a c t e r i a l  s t r a i n s .  The d e r i v a t i v e s  o f  E s h e r i c h i a  c o l i  
K - 12 used a r e  l i s t e d  in  T a b le  2 . 1 .  The d e r i v a t i v e s  o f  
Salmonel la  typhimurium  LT -2 used are  l i s t e d  in  t a b l e  3 . 1 .
2 .2  P lasmids.  The plasmids used and c o n s t ru c te d  in  t h i s  
study a re  l i s t e d  in  Table  2 . 2 .
2 .3  Bac ter iophag e .  The bacter iophage used and co nstru c ted  
in  t h i s  study a re  l i s t e d  in  t a b l e  2 . 3 .
2 . 4  Chemicals .
CHEMICALS SOURCE
General chem ica ls ,  b iochem icals  BDH, May and Baker,
and o rg an ic  s o lv e n ts  Sigma
Media D i fc o ,  Oxoid
Agarose BRL
X - g a l , IPTG BRL
Radiochemicals  NEN
10 x r e s t r i c t i o n  enzyme b u f f e r  BRL, B oehr inger
2 .6  C u l tu r e  media.
L Broth: 10 g t r y p to n e ,  5 g yeast  e x t r a c t ,  5 g N a C l , made 
up t o  1 l i t r e  in  d i s t i l l e d  w ater  and a d ju s te d  t o  pH7.5  
w ith  NaOH.
L Agar: as L Broth w i th  the  a d d i t io n  o f  15 g/1 ag ar .
N u c leo t i  des 
Anti  b i o t i  cs
Mannheim
Boehr inger  Mannheim 
Sigma
2 .5  P ro te in s
R e s t r i c t i o n  and DNA 
m o d i f ic a t io n  enzymes
BRL, B oehr inger  
Mannheim, Pharmacia
21
4 x Dav is  and M in g io l i  minimal s a l t s  (D&M s a l t s ) :  28 g
K2 HP04 , 8 g KH2 P04 , 1 g sodium c i t r a t e ,  0 . 4  g MgS04 H2 0,
made up t o  1 l i t r e  in  d i s t i l l e d  w a te r .
Minimal agar :  25 ml D&M s a l t s ,  75 ml 2 *  agar in  d i s t i l l e d  
w ater ;  supplemented w i th  0 . 2 *  g lucose ,  20  ug/ml th ia m in e  
( v i t a m in  B1) and amino ac ids  as necessary.
Phage b u f f e r :  7 g Na2 HP04 , 3 g KH2 P04 , 5 g NaCl , 0 .2 5  g
MgS04 , 15 mg CaCl2 .2H20 and 1 ml 1*  g e l a t i n  made up to  
1 l i t r e  in  d i s t i l l e d  w ate r .
2 .7  S t e r i l i s a t i o n .  A l l  growth media were s t e r i l i s e d  a t  
120°C f o r  15 minutes;  supplements and b u f fe r  s o lu t io n s  a t  
108°C f o r  10 minutes and CaCl2 a t  114°C f o r  10 m inutes .
2 . 8  B u f f e r  s o lu t io n s .
E le c t ro p h o r e s is
10 x E b u f f e r :  2 42g  T r i s ,  82g  s o d iu m  a c e t a t e ,  1 8 . 6g 
Na2 EDTA.2H2 0 ,  made up to  5 l i t r e s  in  tap  w a te r ,  a d ju s te d  
to  pH 8 .2  w i th  g l a c i a l  a c e t i c  a c id .
10 x TBE b u f f e r :  109g T r i s ,  55g b o r i c  a c i d ,  9 . 3 g
Na2 EDTA.2H2 0 ,  made up to  1 l i t r e  in  d i s t i l l e d  w a te r ;  pH is  
8 . 3 .  (F or  sequencing g e ls ,  an a l t e r n a t i v e  was used: 1 2 1 . 1g 
T r i s ,  55g b o r i c  a c i d ,  9 .3 g  Na2 EDTA. 2H2 0 , made up t o  
1 l i t r e  in  d i s t i l l e d  w ate r )
S in g le  colony gel loading b u f f e r :  2% f i c o l l ,  1*  SDS, 0 . 0 1 *  
bromophenol b lue ,  0 . 0 1 *  orange G in  b u f f e r  E.
P o lyacry lam ide  gel loading b u f f e r :  1*  f i c o l l ,  0 . 1 *  SDS,
0 . 0 2 *  orange G, 0 . 0 1 *  bromophenol b lue  in  d i s t i l l e d  w a t e r .
4 x H o r iz o n ta l  agarose gel lo ad ing  b u f f e r :  25*  sucrose ,
and 0 . 0 1 *  bromophenol blue in d i s t i l l e d  w ate r .  SDS ( 0 . 5 * )  
a n d /o r  protease  K ( 0 . 2  mg/ml) were added when necessary .
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P ro te in  gel running b u f f e r :  144 g G ly c in e ,  30 g T r i s  base
made up to  1 l i t r e .  A f t e r  d i l u t i o n ,  10 ml o f  10% SDS was
added to  ev ery  1 l i t r e  o f  running b u f f e r .
P r o t e i n  s a m p le  b u f f e r :  5% S D S , 50% G 1 y c e r o l , 0 . 0 1 % 
bromophenol b lue  and 50mM T r is -H C l  (pH6 . 8 ) made up to  5% 
beta -m ercaptoethanol  immedia te ly  p r i o r  to  use.
B u f fe rs  f o r  DNA work
10 x r e s t r i c t i o n  b u f f e r s :  as su pp l ied  w i th  r e s t r i c t i o n
enzymes.
5 x l i g a t i o n  b u f f e r :  su pp l ied  by BRL.
1 x TE b u f f e r :  10mM T r i s / H C l ,  1m'M EDTA; pH 8 . 0 .
20 x SSC: 3M N aC l , 300mM t r is o d iu m  c i t r a t e .
EDTA: 200mM s o lu t io n s  o f  EDTA were made up and t i t r a t e d
w i th  NaOH to  a pH o f  8 . 0 .
10 x S1 b u f f e r :  1.1 ml o f  3M KOAc (pH 4 . 6 ) ,  5 ml 5M NaCl,
5 ml g l y c e r o l ,  30 mg ZnS04 .
10 x N ick  t r a n s l a t i o n  b u f f e r :  0 . 5  M T r i s - H C l  ( p H 7 . 5 ) ,
50 mM MgCl2 , 100 mM b e ta -m e rc a p to e th a n o l , 250 ug/ml BSA.
50 x Denhardts  s o l u t i o n : 5 g F i c o l l ,  5 g p o l y v i n y l -
p y r r o l i d o n e , . 5 g BSA made up to  500 ml w i th  H2 0.
P h e n o l :  A l l  p h e n o l  used  in  t h e  p u r i f i c a t i o n  o f  DNA 
conta ined 0 . 1% 8 -h y d ro x y q u in o l in e  and was b u f fe re d  a g a in s t
0.5M T r is -H C l  pH8.0 .
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2 . 9  A n t i b i o t i c s .  The a n t i b i o t i c  c o n c e n t r a t i o n s  used 
th ro u g h o u t  f o r  both l i q u i d  and p l a t e  s e l e c t i o n  w ere  as 
f o l l o w s :
A n t i b i o t i c  Stock s o l u t i o n  S e l e c t i v e
c o n c e n t ra t io n  
A m p i c i l l i n  (Ap) 5 mg/ml ( w a t e r )  50 ug/ml
T e t r a c y c l i n e  (Tc)  1 mg/ml (10mM HC1) 10 ug/ml
Chloramphenicol (Cm) 2 .5  mg/ml ( e t h a n o l ) 25 ug/ml
Kanamycin (Km) 2 .5  mg/ml ( w a te r )  25 ug/ml
Streptom ycin  ( S t r )  10 mg/ml ( w a te r )  100 ug/ml
A l l  s tock s o lu t io n s  were s tored  a t  4°C.
A n t i b i o t i c s  were added t o  molten agar which was precooled  
to  5 5 °C .
2 .1 0  I n d i c a t o r s .  X-gal  ( 5 - b r o m o - 4 - c h l o r o - 3 - i n d o l y l - B - D -  
g a la c t o s id e )  was used in  c o n ju nc t ion  w i th  th e  host s t r a i n s  
DS941 and JM101 and the  pUC and M13 v e c to rs ,  p ro v id in g  a 
screen f o r  plasmids w ith  in s e r t s  in  th e  p o l y l i n k e r  re g io n .  
Clones c o n t a i n i n g  i n s e r t s  were g e n e r a l l y  w h i t e ;  c l o n e s  
l a c k i n g  i n s e r t s  were b lu e .  X - g a l  (4 0m g/m l  in  DMF) was 
s t o r e d  a t  - 2  0 °C  and added t o  L a g a r  t o  a f i n a l  
c o n c e n t r a t i o n  o f  2 0 u g / m l . IPTG  ( i s o p  r o p y  1 y - B - D -  
t h i o g a l a c t o s i d e )  was added to  a f i n a l  c o n c e n t ra t io n  o f  25 
ug/ml to  medium co n ta in in g  X - g a l .
2.11 Growth c o n d i t io n s .  L iqu id  c u l t u r e  f o r  t r a n s f o r m a t i o n , 
DNA p r e p a r a t i o n s  o r  in  v iv o  r e c o m b i n a t i o n  a s s a y s  w ere  
r o u t i n e l y  grown in  L broth a t  37°C w i th  v igorous shak ing .  
Both L agar and minimal s o l i d  media were used. A n t i b i o t i c s  
were used as r e q u i r e d .  P l a t e s  w ere  g e n e r a l  1y i n c u b a t e d  
o v e rn ig h t  a t  37°C.
B a c t e r ia l  s t r a i n s  were s tored  in  50X L b ro th ,  20% g ly c e r o l  
and 1X peptone a t  -2 0 ° C  or  on L a g a r  s l o p e s  a t  room 
te m pera tu re .
24
2 . 1 2  P lasm id DNA is o la t io n .
Large s c a le  DNA p r e p a r a t io n  (B irnboim and D oly ,  1976; as 
m odif ied  in  t h i s  l a b o r a t o r y ) .
S o lu t io n s :
I .  50mM g lucose ,  25mM T r is /H C l  pH 8 . 0 ,  10mM EDTA.
I I .  0.2M NaOH, 1% SDS; made f r e s h .
I I I .  5M potassium a c e ta te  pH 4 . 8 ;  mix equal volumes o f
3M CH3 COOK and 2M CH3 COOH, pH w i 11 be 4 . 8 .
2 0 0 ml c u l t u r e s  o f  s t a t i o n a r y  phase p l a s m i d - c o n t a i n i n g  
c e l l s  were harvested  by c e n t r i f u g a t i o n  (1 2 ,4 0 0 g ,  10 min a t  
4 ° C ) .  The p e l l e t  was resuspended in  4 ml o f  s o l u t i o n  I .  
8 ml o f  s o lu t io n  I I  was added and th e  m ix tu re  was l e f t  on 
ic e  f o r  a f u r t h e r  5 min. 6 ml o f  s o lu t io n  I I I  was then  
added, g e n t ly  mixed and th e  c e l l  d e b r is  and chromosomal 
DNA removed by c e n t r i f u g a t i o n  (3 9 ,2 0 0 g ,  30 min a t  4 ° C ) .
The plasmid DNA was p r e c i p i t a t e d  from the  s u p e rn a ta n t  w i th  
12 ml isopropanol f o r  15 minutes a t  room te m p e ra tu re .  The 
DNA was p e l l e t e d  a t  27 ,200g f o r  15 min a t  20°C, r inse d  
w ith  709a ethanol  and then f u r t h e r  p u r i f i e d  by banding on a 
C sC l/E tB r  g r a d ie n t .  The DNA was resuspended in  2 .0 9  ml o f  
TE b u f f e r  and added t o  270 u l  o f  a 15 mg/ml e t h i d i u m  
bromide s o l u t i o n .  5 g o f  CsCl were d is s o lv e d  in  3 ml o f  
w ater  and added t o  the  DNA/EtBr s o l u t i o n .  The g r a d ie n ts  
were c e n t r i fu g e d  in  a Beckman T i70  f i x e d  ang le  r o t o r  a t  
2 0 0 ,0 0 0 g  f o r  16 hours a t  2 5 ° C .  Where two bands w ere  
v i s i b l e ,  a low er  s u p e r c o i l e d  p l a s m id  band and an up per  
nicked DNA band, th e  lower band was removed using a 1ml 
s y r i n g e .  The e t h id iu m  bromide was removed by r e p e a t e d  
butanol e x t r a c t io n s  and the  DNA was d ia ly s e d  t w ic e  a g a in s t  
one l i t r e  o f  1 x TE b u f f e r  to  remove th e  CsCl.
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M in i  p r e p a r a t i o n  o f  DNA ( m o d i f i e d  f r o m  f ro m  Holmes and 
Q u ig le y ,  19 81 ) :
STET b u f f e r :  8 % sucrose, 5% T r i t o n  x - 1 0 0 ,  50mM EDTA, 50mM 
T r is /H C l  pH 8 . 0
3 . 0  ml o f  a s t a t i o n a r y  c u l t u r e  was h a r v e s t e d  by 
c e n t r i f u g a t i o n  ( 1 2 . 1 0 0 g , 3 0 s e c )  and resuspended in  350 ul 
STET b u f f e r  in  an Eppendorf tu b e .  25 ul o f  a 10 mg/ml 
lysozyme s o l u t i o n  was then  added and a f t e r  m i x i n g ,  t h e  
suspension was b o i le d  f o r  45 sec and c e n t r i f u g e d  in  an 
Eppendorf  m ic r o fu g e  f o r  15 min a t  4 ° C .  The p e l l e t  was 
discarded w i th  a t o o t h p ic k .  The DNA was p r e c i p i t a t e d  by 
t h e  a d d i t i o n  o f  40 u l  o f  3M NaOAc and 4 0 0  u l  o f  
i s o p r o p a n o l .  A f t e r  m i c r o c e n t r i f u g a t i o n  f o r  15 m in ,  t h e  
p e l l e t  was washed in  70% e t h a n o l , d r ie d  and resuspended in  
50 ul TE b u f f e r .  5 -10  ul o f  t h i s  DNA was s u i t a b l e  f o r  
r e s t r i c t i o n  enzyme d i g e s t s .  1 u l  o f  a 1 mg/ml RNase A 
s o lu t io n  was added to  the  DNA w i th  th e  gel loading b u f f e r .
2 .1 3  Chromosomal DNA i s o l a t i o n .  5 ml o f  s t a t i o n a r y  phase 
c u l t u r e  was harvested  by c e n t r i f u g a t i o n  (1 2 ,0 0 0 g ,  5 min, 
4°C) and resuspended in  700 ul 10 x TE. 50 ul 10% SDS and 
200 ul RNAase A (1 mg/ml) was added fo l lo w e d  by in c u b a t io n  
f o r  2 hours a t  37°C. 100 ul o f  p r o te in a s e  K (20 mg/ml) was 
added fo l lo w e d  by a f u r t h e r  2 hours a t  37°C. The DNA was 
then p u r i f i e d  by two phenol e x t r a c t i o n s ,  two p h e n o l /  
ch loro form  e x t r a c t i o n s  and two ch lo ro fo rm  e x t r a c t i o n s .  The 
DNA was p r e c i p i t a t e d  a t  4 ° C , by t h e  a d d i t i o n  o f  two  
volumes o f  e t h a n o l ,  washed in  70% ethano l  and resuspended 
in  200 ul o f  1 x TE. Th is  DNA was s u i t a b l e  f o r  r e s t r i c t i o n  
enzyme d i g e s t io n .
2 . 1 4  T r a n s f o r m a t i o n  w i t h  p l a s m i d  DNA. G e n e t i c  
t r a n s fo rm a t io n  in troduced plasmid DNA in t o  d i f f e r e n t  host  
s t r a i n s .  An o v e rn ig h t  c u l t u r e  o f  the  r e c i p i e n t  s t r a i n  was 
d i l u t e d  1 in  100 in t o  20 ml L b ro th  and grown to  a d e n s i ty  
o f  2x108  c e l l s / m l  (about  90 m in ) .  The c e l l s  were harvested  
(1 2 ,1 0 0 g ,  1 min, 4°C) and resuspended in  10 ml o f  50mM 
C aC l2 . The c e l l s  were p e l l e t e d  a g a i n ,  re s u s p e n d e d  in
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0 .5  ml co ld  (4 °C )  50mM CaCl2 and kept  on i c e  u n t i l  use.  
100 ul a l i q u o t s  o f  competent c e l l s  were added t o  DNA in  TE 
b u f f e r  and, a f t e r  g e n t le  m ix ing ,  were l e f t  on ic e  f o r  15 
min. The c e l l s  were then heat  shocked (2 min, 42°C or  5 
min, 3 7 °C ) and re tu rn e d  to  ice  f o r  15 min. 100 ul o f  L 
broth  was added to  th e  c e l l  suspension and incubated  a t  
37°C f o r  90 min t o  a l l o w  e x p r e s s i o n  o f  p l a s m i d  g e n e s .  
Tran s fo rm at ion  to  a m p i c i l l i n  re s is ta n c e  d id  not r e q u i r e  
t h i s  e x p r e s s i o n  t i m e .  1 0 0 u l  a l i q u o t s  o f  t h e
t ra n s fo rm a t io n  m ix tu re  were spread onto s e l e c t i v e  p l a t e s .
2 .1 5  T r a n s f e c t io n  w i th  M13 DNA. Th is  procedure was c a r r i e d  
o u t  e x a c t l y  as above us in g  e i t h e r  t h e  b a c t e r i a l  s t r a i n  
JM101 or  TG1. A f t e r  th e  f i n a l  in cu b a t io n  on i c e ,  t h e  c e l l s  
were mixed w i th  200 ul o f  f r e s h  log phase JM101 o r  TG1. 
This  m ix tu re  was then added to  3 ml o f  s o f t  molten agar  
a l re a d y  c o n ta in in g  30 ul o f  IPTG (15 mg/ml) and 30 ul X- 
gal (40 mg/ml) a t  45°C.  The c e l l s  were then p l a t e d  out  
onto D&M minimal medium p la t e s  c o n ta in in g  th ia m in e  and 
glucose.
2 .1 6  P re p a ra t io n  o f  P1 l y s a t e s .  The donor s t r a i n  was grown 
up in  L broth  to  l a t e  log phase. The c e l l s  from 100 ul o f  
c u l t u r e  were harvested  by c e n t r i f u g a t i o n  and resuspended  
in  1 00  ul f r e s h  L b ro th ,  100  ul CaCl2 (50mM) and 1 00  ul 
MgCl2 (100mM). S u f f i c i e n t  P1 was added t o  g iv e  a m . o . i .  o f  
a p p ro x im a te !  y - 0 .001 . The m i x t u r e  was th e n  i n c u b a t e d  a t  
37°C f o r  25 min, mixed w i th  precooled (45°C )  molten s o f t  
agar and p la te d  onto a f r e s h  undr ied L agar p l a t e .  A f t e r  
o v e rn ig h t  in c u b a t io n ,  2 .5  ml o f  phage b u f f e r  was added and 
l e f t  a t  room tem pera tu re  f o r  15 min. The b u f f e r  and s o f t  
agar were placed in  a c e n t r i f u g e  tube w i th  a few drops o f  
ch loroform  and vo rtexe d  f o r  30 sec. The tube was l e f t  f o r  
30 min a t  room t e m p e r a t u r e ,  r e - v o r t e x e d  and t h e n  
c e n t r i f u g e d  a t  1 2 ,0 0 0 g  f o r  10 m in .  The s u p e r n a t a n t ,  
c o n ta in in g  ap prox im a te ly  109 p f u / m l , was s to re d  a t  4°C .
2 .1 7  P1 t r a n s d u c t io n .  The r e c i p i e n t  s t r a i n  was grown up to  
m id- log  phase in  L b ro th ,  harvested and resuspended in  an 
equal volume o f  L b ro th .  To 100 ul o f  c e l l s  was added 100
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ul o f  CaCl2 ' ( 50mM), 100  ul MgCl2 (100mM) and 0 . 1 - 1 0  ul o f  
P1 l y s a t e .  A f t e r  20 min i n c u b a t i o n  a t  3 7 ° C ,  phage  
i n f e c t i o n  was s topped  by t h e  a d d i t i o n  o f  200 u l  o f  1M 
sodium c i t r a t e  ( f i l t e r  s t e r i l i s e d ) .  500 ul o f  L b ro th  was 
added fo l lo w e d  by in cub at io n  f o r  one hour a t  37°C. The 
c e l l s  were then p l a t e d  onto a s u i t a b l e  s e l e c t i v e  medium. 
A l l  t r a n s d u c ta n ts  were s t reaked  out t o  s i n g l e  colony a t  
l e a s t  tw o  t i m e s ,  t o  rem ove any  c o n t a m i n a t i n g  PI  
ba cte r io phage .
2 .1 8  S in g le  co lony  <gel a n a ly s is .  By using t h i s  te chn iqu e ,  
the  plasmid c o n te n t  o f  an i s o l a t e  can be observed w i th o u t  
th e  need t o  p u r i f y  th e  DNA. A s i n g l e  t r a n s f o r m a n t  was 
patched out  ( 1cm square)  on a s e l e c t i v e  p l a t e  and grown 
o v e r n ig h t .  Using a t o o th p ic k ,  a la rg e  scrape o f  c e l l s  was 
c o l le c t e d  and resuspended in  100  ul o f  s i n g l e  colony gel  
b u f f e r .  The c e l l s  were l e f t  t o  lyse  a t  room tem pera tu re  
f o r  15 m inutes.  C e l l  de b r is  and chromosomal DNA was spun 
down in  an Eppendorf microfuge f o r  15 min a t  4 ° C ) .  30 ul 
o f  the  s u p ern a tan t  was loaded onto an agarose g e l .
2 .1 9  Ethanol p r e c i p i t a t i o n  o f  DNA. To th e  DNA s o lu t io n  
was added one t e n t h  volume o f  3M NaOAc and 2 volumes o f  
ab so lu te  e t h a n o l .  A f t e r  m ixing, the  DNA was p r e c i p i t a t e d  
a t  -20°C  f o r  a t  l e a s t  30 mins and p e l l e t e d  f o r  15 min a t  
4 ° C . The p e l l e t  was washed w ith  10% e thanol  and d r i e d .
2 .2 0  R e s t r i c t i o n  o f  DNA. R e s t r i c t i o n  enzyme d ig e s ts  were 
u s u a l ly  performed in  a t o t a l  volume o f  20  u l , c o n ta in in g  
0 . 3 - 1 . 0  ug DNA and 2 ul o f  10 x r e s t r i c t i o n  b u f f e r .  2 -3  
u n i ts  o f  r e s t r i c t i o n  enzyme was added per ug o f  DNA. The 
re a c t io n s  were incubated a t  37°C ( o r  a t  th e  a p p r o p r ia te  
t e m p e r a t u r e )  f o r  1 -2  hours .  For  r e s t r i c t i o n s  o f  l a r g e r  
q u a n t i t i e s  o f  DNA, the  volume was sca led  up a c c o r d in g ly .  
The enzymes were in a c t i v a t e d  by the  a d d i t i o n  o f  lo ad ing  
b u f f e r ,  h e a t i n g  t o  70°C or  by p h en o l  e x t r a c t i o n  and 
e th a n o l  p r e c i p i t a t i o n  i f  s u b se q u e n t  m a n i p u l a t i o n s  w ere  
necessary.
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2.21 C a l f  i n t e s t i n a l  ph os p h a ta s e  ( C I P )  t r e a t m e n t .
Phosphatase was used t o  remove 5* phosphate groups from  
l i n e a r i s e d  v e c t o r  t o  p r e v e n t  r e c i r c u l a r i s a t i o n  o f  t h e  
v e c to r  ( thus  in c re a s in g  c lo n in g  e f f i c i e n c y ) .  1 u n i t  o f  CIP 
was added d i r e c t l y  t o  th e  d ig e s t  and incubated a t  37°C f o r  
15 min ( o r  45 min f o r  b l u n t  ends) .
2 .2 2  L i g a t io n  o f  DNA fragm ents .  R e s t r i c t i o n  fragm ents  were 
l i g a t e d  in  volumes o f  10-20 u l , Conta in ing  1 x l i g a t i o n  
b u f f e r  and 0 .5  u n i t s  o f  DNA T4 DNA l i g a s e .  G e n e r a l ly  a 
3:1 i n s e r t  t o  v e c to r  r a t i o  o f  fragments was used (1 0 :1  f o r  
b lu n t  end l i g a t i o n s ) .  The r e a c t io n s  were incubated a t  16°C 
o v e r n i g h t .  A l i q u o t s  o f  th e  l i g a t i o n  mix w ere  used t o  
t rans fo rm  competent c e l l s .
2 .2 3  Gel e le c t r o p h o r e s is  o f  DNA.
Agarose ge ls :  0 . 7 - 1 . 2 X  agarose ge ls  were used.
Agarose powder was d i s s o l v e d  a t  100°C  in  125 o r  200ml  
b u f f e r  E and precooled to  55°C p r i o r  to  use. H o r i z o n t a l  
g e ls  were used t o  a n a ly s e  r e s t r i c t i o n  d i g e s t s  and f o r  
s in g le  colony gel a n a l y s i s .  Gels were u s u a l ly  run f o r  15-  
18 hours a t  1 .5V /cm  in  gel t a n k s  c o n t a i n i n g  3 l i t r e s  
b u f f e r  E and then s ta in e d  in  0 .6  ug/ml e th id ium  bromide.  
The DNA was v i s u a l i s e d  on a 254  nm w a v e l e n g t h  UV 
t r a n s i 1 1 um in a to r .
Polyacry lam ide  ge ls :  th r e e  ty p es  were used.
1) Po lyacry lam ide  r e s t r i c t i o n  g e ls .
V e r t i c a l  gel k i t s  were used w i th  1.5  mm spacers .  The gel 
a p p a r a t u s  was s e a l e d  w i t h  0 . 6 *  a g a r o s e  i n  H2 0 .  An 
a p p r o p r i a t e  a c r y la m id e  ge l  mix was poured  b e tw e e n  t h e  
p la te s  (w i th  the  i n s e r t i o n  o f  a w el l  fo rm er )  and a l low ed  
to  s e t  f o r  60 min.
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30ml a e r y 1 amide gel c o n s is ts  o f : -
30% a e r y 1 amide: 0.8% b isac ry lam ide  (w /v ) X ml ( f o r  X% 
g e l )
3 ml 
27-X  ml 




10% APS (w /v )  
TEMED
The g e ls  were run a t  room t e m p e r a t u r e  i n  1 x TBE a t  a 
constant  c u r r e n t  (2 5 -3 0  mA), f o r  2 -3  hours.  DNA bands were 
v is u a l is e d  under 254nm UV i l l u m i n a t i o n  a f t e r  s t a i n i n g  in  
0 . 6  ug/ml e th id iu m  bromide f o r  10 min.
2 )  N o n -d e n a t u r in g  p o l y a c r y l a m i d e  g e l s .  T h e s e  g e l s  were  
used to  s e p a ra te  prote in:DNA complexes.
6% aery 1 amide 50mM T r i s / G l y c i n e  pH 9 . 4 ,  0 .1  mM EDTA ge ls  •
were u s u a l ly  used. V e r t i c a l  gel k i t s  were s e a le d  w i th  0.6% 
agarose in  d i s t i l l e d  w ate r .
30 ml o f  a 6 % 50mM TE (pH 9 . 4 )  gel m ix tu re  co n ta in e d :
30% a e r y 1 amide: 0.8% b isacry lam ide  ( w /v )  6 ml
0.5M T r i s / G l y c i n e  pH 9 .4  3 ml
H20 2 0 .5  ml
0.2M EDTA (pH 8 . 0 )  15 ul
To each g e l ,  th e  f o l lo w i n g  reagents were added: -  
10% APS (w /v )  150 ul
TEMED 15 ul
The ge ls  were p r e - ru n  in  50mM T r i s / G l y c i n e  O.ImM EDTA a t  
15V/cm (3 0 -9 0  min; 4 ° C ) .  A f t e r  lo a d in g ,  the  g e ls  were run 
f o r  2 - 3  hours a t  15V/cm, 4 ° C . When t h e  g e l  run  was
complete the  gel was t r a n s f e r r e d  to  f i l t e r  paper and d r ie d  
under vacuum. Bands were v is u a l i s e d  by a u to rad io g ra p h y  o f  
a sheet o f  Kodak S1 or  F u j i  RX100 X - ra y  f i l m  f o r  1 -3  days.
3) P o lyacry lam ide  sequencing g e ls .  Sequencing r e a c t io n s
were run on 8 % high r e s o lu t io n  po ly a cry lam id e  /  u rea  ge ls
as d e s c r ib e d  in  t h e  'M13 c l o n i n g  /  d i d e o x y  s e q u e n c in g
in s t r u c t i o n  manual 7 publ ished by BRL. Gels were p r e - ru n
f o r  45 min and run f o r  2-6 hours a t  40W. Samples were
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denatured p r i o r  to  lo ad in g  (80°C ,  2 m in ) .  A f t e r  th e  gel  
run was complete ,  th e  gel was f i x e d  in  1 0% a c e t i c  a c id  10% 
m e th a n o l  f o r  15 m i n ,  d r i e d  u n d e r  vacuum  and  
au torad iographed.
2 .2 4  Photography o f  g e l s .  A f t e r  s t a i n i n g  in  e t h i d i u m  
brom ide,  g e ls  v i s u a l i s e d  by 254nm UV i l l u m i n a t i o n  w e re  
photographed using P o la ro id  type 67 land f i l m  o r  us ing a 
Pentax 35mm SRL loaded w i th  I l f o r d  HP5 f i l m .  Both cameras 
were f i t t e d  w i th  a Kodak W ratten f i l t e r  No.23A.
2 .2 5  E l e c t r o p h o r e s i s  o f  p r o t e i n s  i n  S D S - p o l y a c r y 1 am ide  
g e l s .  The e l e c t r o p h o r e s i s  o f  p r o t e i n s  f o l l o w e d  t h e  
procedure o f  Laemmli (1 97 0 )  using 15% running g e ls  and 4% 
s t a c k in g  g e l s .  G e ls  were poured  in  v e r t i c a l  g e l  k i t s  
sealed w i th  0.6% agarose in  H20 .  Gel mixes were made up 
according to  the  t a b l e  below:
Running Gel S ta c k in g  Gel
3 0 . /  0.8% a e r y 1 ami d e / b i s  15 ml 2 . 0  ml
7 .5  ml -
-  3 .7 5  ml
0 .3  ml 0 .1 5  ml
t o  30 ml to  15 ml
10 ul 10  ul
Ammonium pers u lp h a te  (10% w /v )  150 ul 150 ul
The running gel was poured and l e f t  t o  s e t  w i th  a l a y e r  o f  
isopropanol over i t .  The isopropanol was washed o f f  and 
th e  s t a c k in g  gel was po u red .  A f t e r  t h e  g e l  had s e t ,  
running b u f f e r  was poured in to  the  gel ta n k ,  and th e  comb 
was removed. P r i o r  to  lo a d in g ,  the  p r o t e in  samples were 
mixed w i th  p r o t e in  sample b u f f e r  and b o i le d  f o r  5 m inu tes .  
The gel was run o v e r n ig h t  a t  a constan t  c u r r e n t  o f  8 mA, 
le a v in g  the  dye f r o n t  j u s t  above the  bottom o f  th e  g e l .
1.5M T r is -H C l  pH8 . 8  





2 .2 6  N ick T r a n s l a t i o n  o f  DNA. 0 .5  ug o f  p lasmid DNA was 
mixed w i th :  5 ul 10 x n ic k  t r a n s l a t i o n  b u f f e r
20uCi a lp h a  <32P> dATP
un lab e l  led  dCTP, dGTP and dTTP t o  1mM f i n a l  
1 ul 1OmM MgCl2
H20 t o  a t o t a l  volume o f  48 u l .
One u n i t  o f  DNA p o ly m e ras e  I  and 3 u l  o f  a 1 ug /m l  
s o lu t io n  o f  DNAase I  was then added. A f t e r  one hour a t  
16°C th e  l a b e l l i n g  r e a c t io n  was stopped by th e  a d d i t i o n  o f  
5 ul  200 mM EDTA. The l a b e l l e d  DNA was s e p a r a t e d  f ro m  
un incorporated  n u c le o t id e s  on a Sephadex G-50 column and 
used to  probe Southern b l o t s .
2 .2 7  Southern b l o t t i n g  and h y b r i d i s a t i o n .  Agarose ge ls  
were soaked in  0.25M HC1 f o r  15 min and then t r a n s f e r r e d  
to  a s o lu t io n  o f  1.5M NaCl ; 0.5M NaOH f o r  30 min. The 
DNA was then t r a n s f e r r e d  to  a nylon membrane (Hybond N, 
Amersham) by a c a p i l l a r y  b l o t  o v e rn ig h t  using 1.5M NaCl , 
0 .2 5  M NaOH. The b l o t  was washed th re e  t imes f o r  15 min in
2 x SSC and then a i r  d r i e d .  The b l o t  was p r e h y b r id is e d  f o r
3 hrs  a t  65°C in  1095 d e x t r a n  s u l p h a t e ,  5 x D e n h a r d t ’ s 
s o lu t i o n ,  1 x SSC, 0 .5& SDS and 0.1 mg/ml denatured  salmon 
sperm DNA. The b l o t  was then h y b r id is e d  o v e r n ig h t  a t  65°C
qo
in  10 ml o f  the  same s o lu t io n  to  which the denatured  < P> 
l a b e l l e d  probe had been added.
2 .2 8  Exonuclease I I I  d e l e t i o n s  (adapted from H e n i k o f f ,  
1987) .  5 -10 ug o f  DNA was d igested  w i th  s u i t a b l e  enzymes 
t o  prov ide  a recessed 3 ’ o r  a b lu n t  end f o r  d i g e s t i o n  by 
exonuclease I I I  and a p ro t ru d in g  3 ’ end t o  p r o t e c t  the  
remainder o f  the p lasm id .  A f t e r  ethanol p r e c i p i t a t i o n  the  
DNA was d i s s o lv e d  in  60 ul Exo b u f f e r  (66mM T r i s - H C l  
pH8.0 ,  0.66mM MgCl2 ) .  The DNA was warmed t o  30°C and 500 
u n i t s  (a  la rg e  excess) o f  exonuclease I I I  was added and 
mixed r a p i d l y .  2 .5 u l  a l i q u o t s  were removed a t  one minute  
t im e i n t e r v a l s  and added to  prepared tubes c o n ta in in g  7 .5  
ul o f  81 mix (172 ul H20,  27 ul 10 x S1 b u f f e r  and 60
u n i ts  o f  S1 n u c le a s e ) .  When a l l  a l i q u o t s  had been removed,  
they were incubated a t  room temperature, f o r  30 min.  1 ul  
o f  S1 stop b u f f e r  (0 .3M T r i s  base, 50mM EDTA) was added to
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each a l i q u o t  fo l lo w e d  by heat  i n a c t i v a t i o n  a t  70°C f o r  10 
m in .  A t  t h i s  p o i n t  t h e  e x t e n t  o f  t h e  d i g e s t i o n  was 
determined by agarose gel e le c t r o p h o r e s is .  1 ul o f  Klenow 
mix (3  ul 0.1M T r is -H C l  pH8.0,  6 ul 1M MgCl2 , 20 ul  H20 
mixed w i th  6 u n i t s  Klenow polymerase) was then added to  
e a ch  r e a c t i o n  f o l l o w e d  by i n c u b a t i o n  a t  3 7 ° C  f o r  5 
m i n u t e s .  A l l  f o u r  dNTPs w e r e  a d d ed  t o  a f i n a l  
c o n c e n tra t io n  o f  0.0125mM and th e  r e a c t io n s  were incubated  
f o r  a f u r t h e r  f i v e  m i n u t e s .  DNA m o l e c u l e s  w e re  
c i r c u l a r i s e d  by th e  a d d i t io n  o f  40 ul o f  1 x l i g a s e  b u f f e r  
and 1 u n i t  o f  DNA l i g a s e ,  f o l l o w e d  by o v e r n i g h t  
in c u b a t io n .  Plasmids ( d e r i v a t i v e s  o f  pSDC102) were then  
t ransform ed i n t o  DS941 xerC1.  D e r i v a t i v e s  o f  bacte r iophage  
M13 were t r a n s f e c t e d  in t o  JM101 or  TG1.
2 .2 9  DNA sequencing. A l l  DNA sequencing r e a c t io n s  were 
perform ed on s i n g l e  s t ra n d e d  M13 t e m p l a t e s  i s o l a t e d  as  
d e s c r ib e d  in  th e  BRL 'M13 c l o n i n g  /  d i d e o x y  s e q u e n c in g  
i n s t r u c t i o n  manual’ . A l l  sequencing re a c t io n s  were c a r r i e d  
out using th e  Sequenase enzyme and th e  reagents  su p p l ied  
in  th e  Sequenase k i t  ( U n i t e d  S t a t e s  B i o c h e m i c a l s ) .  The 
method used was t h a t  descr ibed in  the manual s u p p l ie d  w i th  
th e  k i t .  Note t h a t  on warm days t h e  i n i t i a l  l a b e l l i n g  
r e a c t i o n  c a r r i e d  o u t  a t  room t e m p e r a t u r e  was a c t u a l l y  
c a r r i e d  out in  a 17°C w ater  ba th .  Th is  was found t o  reduce 
the  inc idence  o f  sequence s p e c i f i c  t e r m in a t io n  in  a l l  fo u r  
t r a c k s .  The samples were denatured a t  80°C and run on Q% 
po lyacry lam ide  /  urea g e ls  as descr ibed  above.
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2 .3 0  E x t r a c t io n  o f  DNA fragments  f o r  plasmid c o n s t ru c t io n s  
from agarose g e ls  us ing GENECLEAN. A f t e r  s t a i n i n g ,  th e  gel 
was placed on a long wave t r a n s i 11uminator  (300-360nm) and 
t h e  band o f  i n t e r e s t  was e x c i s e d .  The DNA was t h e n  
p u r i f i e d  using th e  "GlassmiIk"  suspension s u p p l ie d  w i th  
t h e  G e n e c l e a n  k i t  a c c o r d i n g  t o  t h e  m a n u f a c t u r e r s  
i n s t r u c t i o n s .
2.31 P u r i f i c a t i o n  o f  DNA fragments f o r  end l a b e l l i n g  and 
subsequent use in  Gel b ind ing  assays. The gel was s t a in e d  
and the  band was exc ised  on a long wave t r a n s i  11 uminator  
as descr ibed above. The agarose ch ip  was then p laced  in  a 
sm al l  (500  u l )  Eppendorf  tu b e  o v e r  a s m a l l  amount o f  
si  1 icon ised  g lass wool cover ing  a ho le  in  th e  bottom o f  
the  tube .  The small Eppendorf tube was then p laced in  a 
l a rg e  ( 1 . 5  m l ) ,  l i d l e s s  Eppendorf tube and c e n t r i f u g e d  a t  
6000 rpm f o r  10 min. The l i q u i d  from th e  bottom tube  was 
c o l l e c t e d  and e x t r a c t e d  tw ic e  w i th  phenol and once w i th  
ch loro form . The DNA was then p re c ip a te d  by th e  a d d i t i o n  o f  
NaOAc and e t h a n o l . The DNA ob ta ined  was s u i t a b l e  t o  be 
e n d - l a b e l l e d  as descr ibed  below
2 .3 2  E n d - l a b e l l i n g  o f  DNA fragm ents .  P u r i f i e d  DNA fragm ent  
were e n d - l a b e l l e d  by f i l l i n g  in  recessed 3 ’ ends w i t h  the  
K len ow  f r a g m e n t  o f  DNA p o l y m e r a s e  I .  The  r e a c t i o n  
c o n ta in e d  1 -20 0 u g /m l  DNA, 50nM u n l a b e l l e d  n u c l e o t i d e s  
(dCTP, dGTP and dTTP), 10uCi a lpha  < ^ P >  dATP, r e s t r i c t i o n  
b u f f e r  (50mM T r is /H C l  pH 8 . 2 ,  10mM MgCl2> 50mM NaCl ) and 1 
u n i t /u g  DNA Klenow enzyme. A f t e r  in cub at io n  a t  16°C f o r  1 
hour, th e  r e a c t io n  was stopped by phenol e x t r a c t i o n ,  and 
t h e  DNA was e t h a n o l  p r e c i p i t a t e d  t w i c e  t o  re m o ve  
un incorporated  n u c le o t id e s .
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2 .3 3  Gel b in d in g  assays. P ro te in  f r a c t i o n s  c o n ta in in g  XerC 
were d i l u t e d  in  a b u f f e r  t h a t  was g e n e r a l l y  50mM T r is -H C l  
pH8.0, 1mM EDTA, 0 . 1 mMDTT and from 50mM t o  1M N a C l .
Binding b u f f e r : -
10mM T r i s / G l y c i n e  pH 9 . 4 ,  1mM EDTA, 10* g ly c e ro l  ( v / v ) .
I f  th e  p r o t e i n  was in  a low s a l t  d i l u t i o n  b u f f e r  NaCl was 
added to  th e  b ind ing  b u f f e r  t o  a f i n a l  c o n c e n t r a t io n  o f  
ap prox im a te ly  100mM.
1 .0  ul o f  each p r o t e i n  d i l u t i o n  was added t o  a 10 ul  
r e a c t io n  tube c o n ta in in g  ap prox im ate ly  1ng o f  e n d - l a b e l l e d  
DNA fragment in  b ind ing  b u f f e r  w i th  20ug/ml uncut pUC18 
c a r r i e r  DNA. C ontro l  (b la n k )  r e a c t io n s  conta ined  p r o t e in  
d i l u t i o n  b u f f e r  on ly  i . e .  a l l  b ind ing  r e a c t io n s  in  a g iven  
exper iment conta ined  the  same NaCl c o n c e n t r a t io n .  A f t e r  
mixing th oroug h ly  ( v o r t e x in g )  th e  re a c t io n s  were incubated  
a t  37°C f o r  10 min,  quenched on i c e  and lo a d e d  a lm o s t  
immediately onto a p re - ru n  non-d en atu r in g  p o lya c ry la m id e  
gel a t  4°C.
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CHAPTER THREE
FURTHER CHARACTERISATION OF xerB
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3 .1  In tro d u c t io n
M u t a t io n s  in  t h e  x e rB  gene w ere  f i r s t  i s o l a t e d  by 
G i l l i a n  S te w a r t  (1 9 86 )  and C o l in  S t i r l i n g  ( 1 9 8 7 ) .  The xerB  
gene is  e s s e n t ia l  f o r  s i t e - s p e c i f i c  recom binat ion  a t  cer.  
Plasmids c o n ta in in g  two c e r  s i t e s  in  d i r e c t  re p e a t  remain 
u n re s o lv e d  in  s t r a i n s  w i t h  m u t a t i o n s  i n  x e r B .  The x e rB  
gene was is o l a t e d  from a cosmid l i b r a r y ,  and g e n e t i c a l l y  
de f in ed  to  a 1 .69  kbp H i n d l l l  -  AccI r e s t r i c t i o n  fragment,  
by v i r t u e  o f  i t s  complementation o f  th e  xerB1  m uta t ion .  
The s l i g h t l y  l a r g e r  ( 1 . 9 2  kbp) xerB+ H i n d l l l  f ragment was 
sequenced and found t o  c o n t a i n  an open r e a d i n g  f ra m e  
capable  o f  encoding a p r o t e in  o f  503 amino ac ids  w i th  a 
p r e d i c t e d  m o le c u la r  w e i g h t  o f  5 5 , 3 0 0 .  The r e s u l t s  o f  
co m p lem en ta t ion  e x p e r im e n ts  e m p lo y in g  v a r i o u s  p la s m id  
su bc lones  o f  th e  xe rB  r e g i o n ,  t a k e n  t o g e t h e r  w i t h  th e  
p o s i t io n  o f  th e  Tn5 i n s e r t i o n  in  xerB1 p rov ided compel l ing  
evidence t h a t  t h i s  open reading frame re p res e n ts  th e  xerB  
gene ( S t i r l i n g ,  1987; S t i r l i n g  e t  a l , 19 89 ) .
Comparison o f  th e  r e s t r i c t i o n  map o f  th e  cloned xerB  
region w i th  th e  complete r e s t r i c t i o n  map o f  the  E. c o l i  
chromosome (Kohara e t  a 7, 1987) reve a le d  t h a t  xerB  maps
between 96 .5  and 9 7 .0  minutes on the  E. c o l i  chromosome. 
G enet ic  data  a lso  demonstrated t h a t  xerB  maps w i t h i n  0 .5  
m i n u t e s  ( 1 5  -  25 k b p )  o f  p y r B  e n c o d i n g  a s p a r t a t e
c a r b a m o y l  t r a n s f e r a s e  ( 9 6 . 5  m i n )  and a r g l  e n c o d i n g  
o r n i t h i n e  carbamoyl t r a n s f e r a s e  ( 9 6 . 6  mi n ) ( S t i r 1 i n g ,
1987) .  Other genes known to  map in  th e  96 -  97 minute  
r e g io n  a r e :  fbp  encod ing  f r u c t o s e - b i s p h o s p h a t a s e  ( 9 6 . 0  
m in ) ,  corB  i n v o lv e d  in  Mg++ t r a n s p o r t  ( 9 6 . 4  m i n ) ,  sbaA 
invo lved  in  r e g u la t i o n  o f  s e r in e  and branched chain  amino 
a c id  m etabo l ism  ( 9 6 . 7  m in ) ,  v a l S  e n c o d in g  v a l y l - t R N A  
s y n t h e t a s e  ( 9 6 . 8  m i n ) ,  gntV  e n c o d in g  g l u c o k i n a s e  ( 9 6 . 9  
m in )  and l e u X  e n c o d i n g  l e u c i n e  tRNA 5 ( 9 7 . 0  m in )










F igure  3.1  G enet ic  map o f  the  9 6 .0  -  9 7 .0  minute reg io n  o f  
the  col i chromosome. The approximate p o s i t io n  o f  xerB 
( pepA) determi ned 
Bachmann, 1990).
in  t h i s  work is  in d ic a t e d .  (Adapted from
3 .2  The sequence upstream  o f  xerB
Examination o f  th e  sequence o f  th e  1,921 bp H i n d l l l  
fragment re v e a le d  no candidates  f o r  a promoter sequence 
f rom which x e r f l  co u ld  be t r a n s c r i b e d  ( S t i r l i n g ,  1 9 8 7 ) .  
However th e  sequenced region extended o n ly  60 n u c le o t id e s  
upstream o f  th e  xerB  s t a r t  codon. The XerB+ c lone pCS112 
c o nta ins  t h e  sequenced H i n d l l l  f ragment in  pUC18 in  th e  
c o r r e c t  o r i e n t a t i o n  f o r  xerB  to  be t r a n s c r ib e d  from P7ac. 
The p la s m id  pCS110 c o n t a in s  t h e  s l i g h t l y  l a r g e r  BamHI 
fragment in  pUC18 in  the  wrong o r i e n t a t i o n  f o r  xerB  t o  be 
t r a n s c r ib e d  from P 7ac, and y e t  i s  a ls o  XerB+ ( S t i r l i n g ,  
1987 and F ig  3 . 2 ) .  T h is  s u g g e s ts  t h a t  x e rB  m ig h t  be 
t r a n s c r ib e d  from i t s  own promoter in  pCS110. I f  t h i s  were 
the  case th e  xerB  promoter would have t o  be lo ca te d  on the  
310 bp BamHI -  H i n d l l l  fragment o r  on th e  H i n d l l l , f ragment  
i t s e l f .  Because no p o t e n t i a l  p r o m o t e r  se q ue nc es  w ere  
apparent  on th e  H i n d l l l  fragment i t  was decided to  extend  
th e  sequence o f  the xerB  reg ion by sequencing the  BamHI -  
H i n d l l l  f ragm ent .
To de term ine  the  sequence from the  BamHI s i t e  towards  
the  H i n d l l l  s i t e  the  583 bp BamHI -  EcoRI fragment from  
pCS110 was c lo ne d  i n t o  M13mp18, p r o d u c in g  mSD3 ( F i g  
3 . 2 ) .  To sequence the  o th e r  s t ra n d  th e  310 bp H i n d l l l  -  
BamHI fragment from pCS110 was a ls o  cloned in t o  M13mp18, 
producing mSD4 (F ig  3 . 2 ) .  The sequence o f  the  f i r s t  349 bp 
o f  the i n s e r t  in  mSD3 was determine using reagents  from  
th e  Sequenase k i t  (USB). Th is  sequence over lapped w i th  th e  
f i r s t  39 bp o f  the sequence repo rted  by S t i r l i n g  ( 1 9 8 7 ) ,  
w ith  which i t  agreed com p le te ly .  The sequence o f  the  o th e r  
strand  ( f rom H i n d l l l  towards BamHI) was determined from  
mSD4. There were no in c o n s is te n c ie s  between th e  sequence 
determined from mSD3 and i t s  complement determined from  
mSD4. The complete sequence from the  BamHI s i t e  t o  th e  
xerB  s t a r t  codon i s  shown in  F ig 3 . 3 .  The sequence could  
have been extended a f u r t h e r  110 bp to  th e  SphI s i t e  in  
pCS111, but t h i s  was thought not to  be a p r i o r i t y .
The s e q u e n c e  u p s t r e a m  o f  x e r B  was e x a m in e d  f o r  
p o t e n t i a l  promoters using the  program ZPROM (C h r is  Boyd).  
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Figure  3 . 2  Phys ica l  map o f  th e  xerB ( pepA) locus .  The top  
of  the  f i g u r e  shows the  e x t e n t  o f  chromosomal fragments  
c a r r ie d  by v a r io u s  plasmids. The XerB phenotypes o f  these  
p la s m id s ,  d e te rm in e d  by c o m p le m e n t a t i o n  o f  t h e  xerB1  
m utat ion is  a ls o  shown ( take n  from S t i r l i n g ,  1987 ) .  Note 
t h a t  th e  i n s e r t  c a r r i e d  by pCS112, but not  t h a t  c a r r i e d  by 
pCS110, i s  in  th e  c o r r e c t  o r i e n t a t i o n  f o r  x e rB  t o  be 
expressed from the  plasmid la c  promoter. The xerB ( pepA) 
reading frame and th e  beginning o f  an open read ing  frame  
( o r f 1 3 ) i d e n t i f i e d  by S t i r 1 in g  ( 1 987 ) a r e  shown. The  
p o s i t io n  o f  i n s e r t i o n  o f  Tn5 in  x e rB 1: :Tn5 i s  i n d ic a t e d .  
The fragments l i g a t e d  in to  M13mp18 to  c r e a te  mSD3 and mSD4 
are  shown. The arrow heads i n d ic a te  the  d i r e c t i o n  in  which 
these fragments were sequenced.
R e s t r i c t i o n  enzyme r e c o g n i t io n  s i t e s  a re  shown as f o l lo w s :  
A = AccI B = BamHI H = H i n d l l l
K = Kpnl RI = EcoRI S = SphI
BamHI . . . .
1 GGATCCTCACTAACTTTTGACAGAAGAAGATCAAAAGCAAGATGAAGAGTATCGCCAGCT
61 GGCTTTTGAGCGTCTCCCGCACCAGATATCTTATGATTATCACTTTAAATACGCCCGTAA
• • • . i   •_
121 AAACTCGTCTTTTGCAGGATTTTAGCTTGTTTCATGGCTTAAACGTCATTTATTCTCTTG





* • * • ■ • •
361 GCGTAGTGCATGGAGTTTAGTGTAAAAAGCGGTAGCCCGGAGAAACAGCGGAGTGCCTGC 
M E F S V K S G S P E K Q R S A C 
x e r B  ( p e p A )
F i g u r e  3 . 3  N u c l e o t i d e  sequence o f  t h e  BamHI -  H i n d l l l  
fragment upstream o f  xerB ( pepA) .  The sequence from the  
Hi n d l l l '  s i t e  a t  n u c l e o t i d e  311 i s  t h a t  r e p o r t e d  by 
S t i r l i n g  (1 9 8 7 ) .  The -3 5  and -1 0  regions o f  two p o s s ib le  
xerB promoters  sequences a r e  i n d i c a t e d .  The i n f e r r e d  
p r o t e i n  sequence o f  th e  f i r s t  17 amino a c i d s  o f  XerB  
(PepA) is  shown below th e  DNA sequence.
sequences o f  6 bp j u s t  upstream  f ro m  t h e  t r a n s c r  i p t i  on 
i n i t i a t i o n  s i t e .  These - 3 5  and - 1 0  r e g i o n s ,  w h ic h  a r e  
s e p a r a t e d  by a 16 -  18 bp s p a c e r ,  a r e  t h o u g h t  t o  be 
im portan t  f o r  promoter r e c o g n i t io n  by the  RNA polymerase  
enzyme. The consensus E. c o l i  promoter sequence is
-3 5  -1 0  +1
TTGACA 16-18 bp TATAAT 5-7  bp START
The ZPROM program examines sequence da ta  and f i n d s  matches 
to  t h i s  consensus promoter sequence. Two s t a t i s t i c s  are  
produced t o  g iv e  a measure o f  how good t h e  m atc h  i s .  
S t a t i s t i c  I  i s  a d i r e c t  measure o f  how c lo se  the  - 3 5  and 
- 1 0  sequences a r e  t o  th e  c o n s e n s u s .  S t a t i s t i c  I I  i s  
c a lc u la t e d  on the  same bas is  as s t a t i s t i c  I  but a ls o  takes  
the  spacing between th e  -3 5  and -1 0  regions in t o  account .  
The i d e a l  sp ac in g  between t h e  - 3 5  and - 1 0  r e g i o n s  i s  
thought to  be 17 bp. A l l  p o t e n t i a l  promoter sequences in  
the reg ion  upstream o f  xerB a re  g iven in  F ig  3 . 4 .  Only  
those t h a t  score g r e a t e r  than 0 .002  f o r  s t a t i s t i c  I  or  
g r e a te r  than 0 .0002  f o r  s t a t i s t i c  I I  a re  shown. Most known 
E. c o l i  p rom oters  a r e  found t o  s c o r e  above  0 . 0 0 2  and 
0 .0002  f o r  s t a t i s t i c s  I  and I I  r e s p e c t i v e l y ,  and th es e  cut  
o f f  p o in ts  g ive  a minimum number o f  f a l s e  p o s i t i v e s  (H a r r  
e t  a 7, 1 983  ) .  The tw o  b e s t  c a n d i  d a t e s  f o r  t h e  x e r B
promoter are  those w i th  -3 5  boxes s t a r t i n g  a t  n u c le o t id e s  
178 and 186. However no f u r t h e r  work was c a r r i e d  ou t  to  
show t h a t  these sequences do indeed a c t  as promoters in 
v iv o .
3 . 3  The sequence downstream o f  xerB
Just  downstream o f  xe rB , w i t h i n  the  1,921 bp H i n d l l l  
f r a g m e n t ,  a r e  tw o c o p i e s  o f  t h e  REP ( r e p e t i t i v e  
e x t r a g e n ic  p a l in d ro m ic )  sequence ( S t i r l i n g ,  1 9 8 7 ) .  About 
5 0 0 -1 0 0 0  REP sequences a re  t h o u g h t  t o  o c c u r  d i s p e r s e d  
throughout the  E. c o l i  genome (rev iewed by G i ls o n  e t  a 7, 
1987; H igg ins e t  a7, 1988 ) .  They have always been found in  




Pos. -35 -10 I II Dist
17 TTGACA GAAGAAGATCAAAAG CAAGAT. 0.0171314 0.0003426 15
64 TTTTGA GCGTCTCCCGCACCAGA__ TATCTT. 0.0004273 0.0004273 17
66 TTGAGC GTCTCCCGCACCAGA TATCTT. 0.0020727 0.0000415 15
147 TTGTTT CATGGCTTAAACGTCATT_ TATTCT. 0.0042797 0.0006420 18
178 TTGAGT CGTCGAAATCGTCGC TAAGAT. 0.0206821 0.0004136 15
178 TTGAGT CGTCGAAATCGTCGCTAA_ GATAAT. 0.0167675 0.0025151 18
183 TCGTCG AAATCGTCGCTAAGATAAT TATACT. 0.0022110 0.0000442 19
186 TCGAAA TCGTCGCTAAGATAAT TATACT. 0.0106785 0.0016018 16
246 GTGCCA ATGCCGTAATAACGT TAAGAT. 0.0045553 0.0000911 15
Minus Strand
Pos. -35 -io I II Dist
388 TTTTTA CACTAAACTCCATGCAC_ TACGCT. 0.0002676 0.0002676 17
386 TTTACA CTAAACTCCATGCAC TACGCT. 0.0040584 0.0000812 15
348 AAGACA ACGGCGGTGGCTACAGA__ TAGAAT. 0.0005112 0.0005112 17
291 TTGCGA TGACTTCGTGTTAATCT__ TAACGT. 0.0014128 0.0014128 17
232 CTGAGA GGTGAATCCGTTGAG TATAAT. 0.0139481 0.0002790 15
169 ATGACG TTTAAGCCATGAAACAAGC TAAAAT. 0.0043853 0.0000877 19
121 TTTACG GGCGTATTTAAAGTGAT AATCAT. 0.0002031 0.0002031 17
F ig u re  3 . 4  P o t e n t i a l  promoter sequences upstream o f  x e rB . 
The f i g u r e  shows th e  ZPROM o u t p u t  o f  a l l  p o t e n t i a l
promoters between the  BamHI s i t e  ( n u c l e o t id e  1) and the
xerB  ( pepA) s t a r t  codon ( n u c l e o t i d e  3 7 0 ) .  Those on t h e
"plus" s t rand  are  in  the  c o r r e c t  o r i e n t a t i o n  to  d r i v e  the  
t r a n s c r i p t i o n  o f  xerB ( pepA) .  Most Known EL^  col i promoters  
score above 0 .002 f o r  s t a t i s t i c  I  and above 0 .0 0 0 2  f o r
s t a t i s t i c  I I .  The "D is t"  column g ives  the spacing between 
the  -3 5  and -10  sequences.
operon or  in  th e  3* u n t ra n s la te d  reg ion o f  a t r a n s c r i p t .  
Some occurences o f  REP sequences have been shown t o  be 
invo lved  in  s t a b i l i s i n g  mRNA (Newbury e t  a 7, 1987) and in  
t r a n s c r i p t i o n  t e r m i n a t i o n  ( G i l s o n  e t  a l , 1 9 8 7 )  b u t  i t
seems u n l i k e l y  t h a t  t h i s  is  the  pr imary f u n c t i o n  o f  REP 
sequences. I t  has been suggested t h a t  REP sequences might  
be invo lved  in  n u c le o id  o rg a n is a t io n  and i t  i s  t h e r e f o r e  
i n t e r e s t i n g  to  note t h a t  severa l  E. c o l i  p r o t e i n s  appear  
t o  b ind  s p e c i f i c a l l y  t o  DNA f r a g m e n t s  c o n t a i n i n g  REP 
sequences. These REP b ind ing  p ro te in s  in c lu d e  DNA gyrase  
(Yang and Ames, 1988) and DNA polymerase I  (G i ls o n  e t  a 7, 
1990) .
Beyond th e s e  REP sequences i s  t h e  b e g i n n i n g  o f  an 
open reading frame ( o r f 1 3 ) which extends f o r  63 codons to  
t h e  H i n d l l l  s i t e ,  a f t e r  w h ic h  no s e q u e n c e  d a t a  was 
a v a i l a b l e  ( F i g  3 . 2 ) .  There  i s  e v i d e n c e  t h a t  t h i s  open  
r e a d in g  f ram e i s  t r a n s l a t e d  in  v i v o .  A t r a n s l a t i o n a l  
fu s io n  between o r f 1 3  a t  the  H i n d l l l  s i t e  and th e  lacZ'  
coding sequence o f  M13mp19 ( i n  mCS113) gave r i s e  t o  blue  
p l a q u e s  i n  JM101 grow n on medium c o n t a i n i n g  X - g a l  
( S t i r l i n g ,  1987) .  The arrangement o f  xerB  and orf.13,  in  
c lose  p ro x im i ty  and separated  by two REP sequences, w i th  
no apparent o r f 1 3  s p e c i f i c  promoter, suggested t h a t  xerB  
and o r f1 3  a re  t r a n s c r ib e d  to g e th e r  on th e  same t r a n s c r i p t .  
B e c a u s e  g e n e s  o f  r e l a t e d  f u n c t i o n  a r e  o f t e n  c o ­
t r a n s c r ib e d ,  i t  was thought t h a t  o r f 1 3  might have a x e r  
r e la t e d  f u n c t io n .  I t  was t h e r e f o r e  decided to  ex tend  the  
sequence o f  th e  x e rB  re g io n  beyond t h e  H i n d l l l  s i t e  
f u r t h e r  in to  o r f 13.
Just as t h i s  work was about to  s t a r t ,  th e  sequence o f  
valS  (encoding v a ly l - tR N A  synthetase)  was p u b l is hed  by two 
groups ( H a r t l e i n  e t  a l ,  1987; Heck and H a t f i e l d ,  1988a; 
1988b). I t  became apparen t  from the r e s t r i c t i o n  map o f  the  
cloned vaTS gene t h a t  valS  maps very c lo se  t o  xerB  (F ig  
3 . 5 ) .  I n d e e d  i t  was f o u n d  t h a t  t h e  x e r B  s e q u e n c e  
( S t i r l i n g ,  1987)  was s e p a r a t e d  from  t h e  p u b l  i shed  va IS  
sequence only  by an unsequenced H i n d l l l  f ragm ent  o f  117 
bp. In  o rder  to  sequence t h i s  117 bp H i n d l l l  f ragm ent  i t  
was cloned in t o  M13mp18 in  both o r i e n t a t i o n s  to  produce  
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produced by mSD2 were b lue on medium c o n ta in in g  X - g a l . The 
c o r r e c t  o r i e n t a t i o n  o f  t h e  s e q u e n c e  o f  t h e  H i n d l l l  
f ra g m e n t  was found when Heck s e n t  us h i s  u n p u b l i s h e d  
sequence o f  th e  r e g io n  up stream  o f  v a l S .  T h i s  s e q u e n c e  
o v e r la p s  w i t h  th e  sequence o f  S t i r l i n g  ( 1987 ) f o r  257 
n u c le o t id e s ,  w i th  an e a s i l y  i d e n t i f i e d  o v e r la p  ( F ig  3 . 6 ) .  
Since Heck was not t o t a l l y  c o n f id e n t  o f  h is  sequence in  
t h i s  r e g i o n ,  I  te n d  to  f a v o u r  t h e  c a r e f u l l y  d e t e r m i n e d  
sequence o f  S t i r l i n g  in  th e  7 areas o f  c o n f l i c t ,  which are  
e i t h e r  s i n g l e  b a s e - p a i r  s u b s t i t u t i o n s  or  s i n g l e  b a s e - p a i r  
d e l e t i o n s .  The sequence o f  t h e  H i n d l l l  f r a g m e n t  was 
c a r e f u l l y  determined from both mSD1 and mSD2, and aga in  I  
fa vour  my sequence over t h a t  o f  Heck in  the  8 c o n f l i c t s ,  
which in  t h i s  case a re  a l l  s in g le  b a s e -p a i r  s u b s t i t u t i o n s .
Examination o f  the  complete sequence re v e a le d  t h a t  
the  o r f 1 3  open reading frame extends through th e  117 bp 
H i n d l l l  fragment and beyond the  va lS  promoters ( F ig  3 . 7 ) .  
A f t e r  t h i s  p o in t  th e  sequence o f  Heck and H a t f i e l d  (1988a)  
d i f f e r s  from t h a t  o f  H a r t l e i n  e t  a 7 ( 1987) .  Depending on 
which sequence is  c o r r e c t ,  the  o r f 1 3  reading frame stops  
e i t h e r  77 bp upstream (Heck and H a t f i e l d ,  1988a ) ,  o r  14 bp 
downstream ( H a r t l e i n  e t  a 7 , 1987) o f  th e  valS  s t a r t  codon. 
I f  H a r t l e i n  e t  a l  a re  c o r r e c t ,  o r f 1 3  ov e r lap s  w i t h  the  
valS  coding sequence by s ix  codons. I  f i n d  th e  sequence o f  
Heck and H a t f i e l d  more p l a u s i b l e ,  but I  have no d a ta  which 
might conf i rm  my s u sp ic ion s .
Examination o f  the  mSD2 sequence revea led  t h a t  the  
o r f 1 3  open reading frame is  fused " in  frame" a t  both ends 
t o  th e  l a c Z ’ gene o f  M13mp18. T h i s  e x p l a i n s  t h e  b l u e  
co lour  t h a t  was produced by mSD2 grown on X -ga l  c o n ta in in g  
medium, and confirms t h a t  the o r f 1 3  reading frame c a r r i e s  
on through the  117 bp H i n d l l l  f ragment.
I f  th e  sequence o f  Heck and H a t f i e l d  i s  t a k e n  as 
be ing  c o r r e c t ,  th e  o r f 1 3  encoded p r o t e i n  has 123 am ino  
ac ids ,  w i th  a c a lc u la te d  m olecu lar  w e igh t  o f  1 3 ,7 0 0 .  The 
CODONPREFERENCE p l o t  (see s e c t io n  5 .3  f o r  more d e t a i l s  o f  
CODONPREFERENCE) shown in  Fig 3 .8  demonstrates t h a t  o r f 1 3  
has a codon c o m p o s i t i o n  c o n s i s t e n t  w i t h  i t  b e i n g  a 
m o d e ra te ly  expressed  E. c o l i  g e n e .  The p r e d i c t e d  amino  
ac id  sequence o f  the  0 r f 1 3  p r o t e in  bore no s i g n i f i c a n t
41
nci;*. UUUATUAliUU






GCTGCGGTGT ATAGCCTGAT GCGGTAGTTA AATCCGACCA CAAGAAGCCC 
GCTGCGGTGT ATA.CCTGAT GCG.TATTTA AATCC.ACCA CAAGAAGCCC 
* * * *
2085
CATTTATGAA AAACGCGACG TTCTACCTTC TGGACAATGA CACCACCGTC 




GATGGCTTAA GCGCCGTTGA GCAACTGGTG TGTGAAATTG CCGCAGAAAC 
GATGGCTTAA GCGCCGTTGA GCAACTGGTG TGTGAAATTG CCGCAG.AAC
*
double stranded, 2184
Heck GTTGGCGCAG CGG^AAGCGC GTGCTCATCG CCTGTGAAGA TGAAAAGCAG 
Xbconl GTTGGCGCAG CGGTAAGCGC GTGCTCATCG CCTGTGAAGA TGAAAAGCAG
Heck GCTTACCGGC TGGATGAACC 
Xbconl GCTTACCGGC TGGATGAAGC
*
Heck TCCGCATAAT TTAGCGGGAG 
Xbconl TCCGCATAAT TTAGCGGGAG
certaint 




Heck CTGCGAACAA GCTTTGCAGA 
Xbconl CTGCGAACAA GCTT
Hartlein CTTCGTTCCT TATGAAGATT 
Heck CTTCGTTCCT TATGAAGATT
Hartlein TAAAGCCTAC CGCGTGGCTG 
Heck TAAAGCCTAC CGCGTGGCTG
Hartlein AATGGAAAAG ACATATAACC 


















































Figure 3 .6  Comparison between the nuc leot ide  sequences 
reported by various groups f o r  the  xerB -  valS re g io n .  
The sequence determined by S t i r l i n g  ( 1 9 8 7 )  and t h a t  
reported in t h i s  work is  l a b e l le d  ■"Xbconl".. The sequence 
determined by Heck and H a t f i e l d  (1988a and unpublished) is  
l a b e l le d  "Heck” . The sequence reported by H a r t l e in  e t  a l  
is  la b e l le d  “H a r t l e i n " .  The sequence is  numbered from the  
BamHI s i t e  a t  nuc leot ide  1 (see Fig 3 . 3 ) .  The sequence 
l a b e l l e d  Heck was de term ined  on o n ly  one s t r a n d  f rom  
nucleot ide  1979 to  2147 (Heck, personal communications).  
The sequence from nuc leot ide  2285 is  reported w ith  high  
confidence (Heck, personal communications). The sequence 
from n u c le o t id e  2331 is  p u b l is h e d  ( H a t f i e l d  and H eck ,  
1988a). Gaps ( . )  have been in se r ted  to  maximize s i m i l a r i t y  
between sequences and a s te r is k s  ( * )  in d ic a te  a l l  sequence 
c o n f l i c t s .  The s t a r t  o f  the valS coding sequence is  shown.
1801 GCAAAAGGCGCCACCGGTCGTCCGGTAGCGTTGCTGGCACAGTTCCTGTTAAACCGCGCT 
A K G A  T G R P V A L L A Q F L L N R A  
pepA /  xerB
1861 GGGTTTAACGGCGAAGAGTAATTGCGTCAGGCAAGGCTGTTATTGCCGGATGCGGCGTGA 






M K N A T F Y L L D N D T T V D G L S A
orfl3
•  * • • •  •
2101 GTTGAGCAACTGGTGTGTGAAATTGCCGCAGAACGTTGGCGCAGCGGTAAGCGCGTGCTC 
V E Q L V C E I A A E R W R S G K R V L
2161 ATCGCCTGTGAAGATGAAAAGCAGGCTTACCGGCTGGATGAAGCCCTGTGGGCGCGTCCG 
I A C  E D E K  Q A Y R L D  E A L W A R P
Hindlll . . .
2221 GCAGAAAGCTTTGTTCCGCATAATTTAGCGGGAGAAGGACCGCGCGGCGGTGCACCGGTG 
A E S F V P H  N L A G E G P R  G G A P V
2281 GAGATCGCCTGGCCGCAAAAGCGTAGCAGCAGCCGGCGCGATATATTGATTAGTCTGCGA 
E l  A W P  Q K R S S S R R D  I L I  S L R
Hindlll -35 -35 . -10 -10
2341 ACAAGCTTTGCAGATTTTGCCACCGCTTTCACAGAAGTGGTAGACTTCGTTCCTTATGAA 
T S F A  D F A T A F T E V  V D F  V P Y E
D S L K Q L A R E R Y K A Y R V A G F N
GATTC-T-CTGAAACAACTGGCGCGCGAACGCTATAAAGCCTACCGCGTGGCTGGTTTCA 
2401 GATTCGTCCTGAAACAACTGGCGCGCGAACGCTATAAAGCCTACCGCGTGGCTGGTTTCA 
D S S *
L N T A T W K; N G K D I *
ACCTGAATACGGCAACCTGGAAA-AATGGAAAAGACATATAACCCACAAGATATCGAACA 
2461 ACCTGAATACGGCAACCTGGAAATAATGGAAAAGACATATAACCCACAAGATATCGAACA
M E K T Y N P Q D I  E Q 
valS
2521 GCCGCTTTACGAGCACTGGGAAAAGCAGGGCTACTTTAAGCCTAATGGCGATGAAAGCCA 
P L Y E H W E K Q G Y F K  P N G D E S
Figure 3 .7  Nucleot ide sequence o f  the region between xerB 
( pepA) and v a lS . The in fe r re d  p ro te in  sequences o f  O r f1 3 ,  
the C - te rm inus  o f  XerB and th e  N - t e r m in u s  o f  V a lS  a r e  
shown. From nucleot ide  2401 to  nuc leo t ide  2520 both the  
sequence reported by H a r t l e in  e t  aj_ (1987) ( top )  and t h a t  
reported by H a t f i e l d  and Heck (1988a) (bottom) are  shown. 
The d i f f e r e n t  Orf13 p ro te in  sequences in fe r re d  from these  
two sequences are shown. The *-35 and -10  sequences o f  the  
two valS promoters i d e n t i f i e d  by H a t f i e l d  and Heck (1988a)  
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resemblance to  any p r o t e i n  sequences in  the  da tabases .
A s t r a i n  was c o nstru c te d  by Hazel O’ Mara (a  p r o j e c t  
s t u d e n t )  and Mary Burke in  w h ich  t h e  chromosomal o r f / 3  
gene was d is ru p te d  w i t h i n  the  117 bp H i n d l l l  f ragm ent  by 
th e  i n s e r t i o n  o f  a Kmr  gene. Th is  s t r a i n  was found not  to  
be d e f e c t i v e  i n  c e r  s i t e - s p e c i f i c  r e c o m b i n a t i o n  
(unpubl ished r e s u l t s ) .
3 . 4  XerB shows amino a c id  sequence s i m i l a r i t y  t o  bovine  
l e u c in e  aminopeptidase
A database search f o r  p r o t e in  sequences s i m i l a r  to  
XerB was c a r r i e d  out  w i th  the  help  o f  John C o l l i n s  (D ep t ,  
o f  M o lecu la r  B io logy ,  U n i v e r s i t y  o f  Ed inburgh) .  The search  
used the  ICL 64 x 64 d i s t r i b u t e d  a r ra y  processor employing  
t h e  " b e s t  l o c a l  s i m i l a r i t y "  a l g o r i t h m  o f  S m i t h  and  
Waterman (1981)  as m od i f ied  by C o l l i n s  e t  a 7 ( 1 9 8 8 ) .  Th is  
search  r e v e a le d  a v e ry  s t r i k i n g  r e g i o n  o f  s i m i l a r i t y  
between the C - te rm in a l  reg ion  o f  XerB ( re s id u e s  2 3 0 -4 8 5 )  
and the  C - te rm in a l  reg ion  o f  bovine le u c in e  ami nopept idase  
( r e s i d u e s  2 1 0 - 4 7 0 ) .  The N - t e r m i n a l  r e g i o n s  can a l s o  be 
a l ig n e d ,  but w i th  a lower degree o f  s i m i l a r i t y  ( F i g  3 . 9 ) .  
The s e q u e n c e  o f  b o v i n e  l e u c i n e  a m i n o p e p t i d a s e  was  
determined from o v e r la p p in g  pept ides  de r iv ed  from le u c in e  
a m in o p e p t id a se  which had been p u r i f i e d  f ro m  b o v i n e  eye  
lens (Cuypers e t  a 7, 19 82 ) .
The m o l e c u l a r  s t r u c t u r e  o f  b o v i n e  l e n s  l e u c i n e  
a m i n o p e p t i d a s e  has r e c e n t l y  been s o l v e d  a t  0 . 2 7  nm 
r e s o lu t io n  (B ur le y  e t  a l ,  1990) .  The p r o t e in  is  hexameric  
in  s t r u c t u r e  and c o n t a i n s  two z i n c  io n s  bound t o  each  
monomer su bu n i t .  The N - te rm in a l  domain o f  th e  p r o t e i n  (160  
amino a c id s )  mediates t r i m e r  -  t r i m e r  i n t e r a c t i o n s  and is  
not d i r e c t l y  invo lved in  c a t a l y s i s .  The C - te rm in a l  domain 
(327 amino a c id s )  co n ta in s  th e  enzyme a c t i v e  s i t e  and two 
z in c  binding reg ions .  Th is  c o r r e l a t e s  w e l l  w i th  th e  high  
degree  o f  sequence s i m i l a r i t y  be tw een t h e  C - t e r m i n i  o f  
bovine lens leu c in e  ami nopeptidase and XerB, and th e  much 
lower degree o f  s i m i l a r i t y  between th e  N - te rm in i  o f  th ese  
p r o t e in s .  The a c t i v e  s i t e  o f  the  bovine enzyme has been 
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Asp-332,  and G lu -3 3 4 ,  which c o - o r d i n a t e  th e  two z in c  ions,  
and a ls o  Lys-250 and A rg -336 .  A l l  s i x  amino a c id  res idues  
are  conserved between bovine lens le u c in e  ami nopept idase  
and XerB ( F i g .  3 . 9 )
3 ,5  xerB  i s  i d e n t i c a l  t o  pepA
The high degree o f  sequence s i m i l a r i t y  between XerB 
and le u c in e  ami nopeptidase led us t o  suspect t h a t  xerB  
m i g h t  be t h e  gene  f o r  one o f  t h e  known E. c o l  i 
ami nopept idases.  Both Salm onel la  typhimurium  and E . c o l i  
c o n t a in  a s u r p r i s i n g  v a r i e t y  o f  enzymes t h a t  h y d r o l y s e  
small p e p t id e s .  These in c lud e  f i v e  aminopeptidases (PepA, 
PepN, PepB, PepP and PepM), fo u r  d ip e p t id a s e s  (PepD, PepQ, 
PepE and P e p G ) ,  a t r i p e p t i d a s e  ( P e p T )  and s e v e r a l  
carboxypept idases .  These pept idases  a re  in v o lv e d  in  the  
d e g r a d a t io n  o f  i n t r a c e l l u l a r / p r o t e i n ,  e s p e c i a l l y  un de r  
c o n d i t io n s  o f  n u t r i t i o n a l  s t a r v a t i o n ,  and a ls o  a l l o w  the  
u t i l i s a t i o n  o f  p e p t i d e s  s u p p l i e d  i n  t h e  medium (See  
M i l l e r ,  1987 f o r  a r e v ie w ) .
S i x  p e p t i d a s e  a c t i v i t i e s  o f  S. t y p h i m u r i u m , 
d i s t in g u i s h a b le  by t h e i r  e l e c t r o p h o r e t i c  m o b i l i t y ,  were 
i d e n t i f i e d  by M i l l e r  and Mackinnon (1 9 7 4 ) .  S. typhimurium  
mutants d e f i c i e n t  in  f o u r  o f  these pept idases  (PepN, PepA, 
PepD and PepB) were i s o la t e d  ( M i l l e r  and Mackinnon, 1974) .  
The m utat ions causing t h r e e  o f  these d e f i c i e n c i e s  (pep/V, 
pepA and pepD) as. w e l l  as two o th e rs  (pepP and pepQ) were 
g e n e t i c a l l y  mapped ( M i l l e r ,  1975) .  I t  has been shown t h a t  
E. co 1 i conta ins  broad ly  the  same p a t te r n  o f  p e p t id a s e s  as 
S. typh im ur iu m .  M u ta t io n s  in  t h e  genes f o r  s e v e r a l  o f  
t h e s e  p e p t id a s e s  have been i s o l a t e d  i n  E . c o l i  b u t  n o t  
mapped ( M i l l e r  and Schwartz ,  1978) .
The pepA gene o f  S. typhimurium  maps to  97 minutes  
( M i l l e r ,  1975) ,  in  th e  same r e l a t i v e  p o s i t i o n  as xerB  on 
th e  E. c o l i  map. The S. t y p h im u r iu m  PepA p r o t e i n  was 
thought ,  because o f  i t s  s u b s t ra te  s p e c i f i c i t i e s  and i t s  
p h y s ic a l  p r o p e r t i e s ,  t o  c o r re s p o n d  t o  a m i n o p e p t i d a s e  I  
p u r i f i e d  by Vogt (1 970 )  (see M i l l e r  and Mackinnon, 1974 ) .  
A c c o r d i n g  t o  V o g t ,  a m i n o p e p t i d a s e  I  has a s u b u n i t  
m o le c u la r  w e i g h t ,  e s t im a t e d  f ro m  i t s  m o b i l i t y  i n  SDS-
43
p o ly a c r y l a m i d e  g e l s ,  o f  5 2 , 0 0 0 .  The p r o t e i n  was a l s o  
r e p o r t e d  t o  form an i n s o l u b l e  a g g r e g a t e  a t  low i o n i c  
s t r e n g t h .  Both o f  these  p r o p e r t ie s  a re  c o n s i s t e n t  w i th  the  
b e h a v i o u r  o f  p u r i f i e d  X e r B .  X e rB  m i g r a t e s  i n  SDS 
p o ly a c r y la m id e  g e ls  as a p r o t e i n  o f  m o l e c u l a r  w e i g h t
55 ,000  and i s  known to  p r e c i p i t a t e  in  c o n d i t io n s  o f  low 
i o n i c  s t r e n g t h  ( S t i r l i n g ,  1 9 8 7 ) .  O t h e r  p r o p e r t i e s  o f  
ami n o p e p t i  dase A ( o r  ami n o p e p t i  dase  I )  a r e  i t s  broad  
s u b s t r a t e  s p e c i f i c i t y  and i t s  c h a r a c t e r i s t i c  h e a t  
s t a b i l i t y  (7 0 °C  f o r  5 m in u te s )  ( V o g t ,  19 70 ;  M i l l e r  and 
Mackinnon 1974 ) .
These f a c t s  taken to g e th e r  suggested t h a t  xerB  might  
correspond  t o  pepA o f  E. c o l i .  I n  o r d e r  t o  t e s t  t h i s  
h y p o t h e s is ,  s e v e r a l  e x p e r im e n t s  w e re  c a r r i e d  o u t .  The 
f i r s t  o f  th ese  exper iments  was to  t ra n s fo rm  a number o f  S. 
typhimurium  p e p t i d a s e  m utants w i t h  t h e  p l a s m id  pKS455.  
This  plasmid is  an Apr  Cmr 2 - c e r  plasmid t h a t  loses Cmr by 
Xer dependent s i t e - s p e c i f i c  recom bina t ion .  S. typhimurium  
was used r a t h e r  than E. c o l i  because o f  the  more e x te n s iv e  
g e n e t ic  c h a r a c t e r i s a t i o n  o f  pep mutants in  S. typhimurium.  
Also these s t r a i n s  were r e a d i l y  a v a i l a b l e  from th e  lab  o f  
Dr. C. F. H ig g in s .
I n i t i a l l y  on ly  th e  fo u r  s t r a i n s  CH44, CH351, CH356
and TN1301 were transformed w i th  pKS455. However, because 
o f  th e  d i f f e r i n g  r e s t r i c t i o n  systems o f  S. typhimurium  and 
E. c o l i  ( f ro m  which pKS455 p l a s m id  DNA was o r i g i n a l l y  
i s o l a t e d ) , ,  t h i s  t ra n s fo rm a t io n  was ve ry  i n e f f i c i e n t .  Only 
one A p r t r a n s f o r m a n t  was o b t a i n e d .  T h i s  pKS455  
t ran s fo rm an t  o f  CH351 was found to  be Apr  and Cmr . Plasmid  
DNA was p re p a re d  from  t h i s  t r a n s f o r m a n t  by t h e  b o i l i n g  
method and a n a ly s e d  by ag arose  g e l  e 1 e c t r o p h o r e s i  s . No 
band was seen in  t h i s  DNA which would correspond to  the  
d e l e t i o n  p r o d u c t  o f  pKS455 ( p 4 5 6 ) .  O n ly  bands  
corresponding to  th e  var ious  m u l t im e r ic  forms (monomer, 
dimer,  t r i m e r  e t c . )  o f  pKS455 were seen (see Fig 3 . 1 0 ) .
Plasmid DNA prepared from CH351 c o n ta in in g  pKS455 was 
then used to  t ran s fo rm  CH44, CH351, CH356, TN996, TN1301,  
T N 1 3 0 2 ,  T N 13 03  and T N 1 4 2 0 .  A t  l e a s t  t e n  A p r  pKS455  
t r a n s f o r m a n t s  o f  each o f  t h e s e  s t r a i n s  was o b t a i n e d .  
T r a n s f o r m a n t s '  w e r e  t h e n  t e s t e d  f o r  r e s i s t a n c e  t o
44
ch lo ram phen ico l .  Plasmid DNA was a ls o  prepared from two 
t ra n s fo rm a n ts  o f  each s t r a i n  and examined by agarose gel  
e le c t r o p h o r e s i s .  S t r a i n s  were s a id  to  be X e r” i f  pKS455 
t r a n s f o r m a n t s  w e r e  f o u n d  t o  be r e s i s t a n t  t o  
c h io ra m p h e n ic o l  and c o n t a in e d  o n l y  p l a s m id  DNA o f  t h e  
c o r r e c t  s i z e  t o  be pKS455 or  m u l t im e r ic  forms o f  pKS455. 
S t r a in s  were s a id  t o  be Xer+ i f  pKS455 t ra n s fo rm a n ts  were 
not r e s i s t a n t  to  chloramphenicol and conta ined  p lasmid DNA 
o f  the  c o r r e c t  s i z e  to  be p456. An example o f  the  ty p e  o f  
gel used in  t h i s  a n a ly s is  is  shown in  Fig  3 .1 0  and the  
r e s u l t s  f o r  a l l  s t r a i n s  t e s t e d  a r e  sum m arised  i n  T a b l e  
3 . 1 .
T a b le  3 .1  shows t h a t  a l l  s t r a i n s  t h a t  c a r r i e d  a
f u n c t i o n a l  pepA gene were X e r + and a l l  s t r a i n s  w i t h  a
mutat ion  in  pep A were Xer” . M uta t ions  in  th e  o t h e r  pep 
genes d id  not  a f f e c t  th e  Xer phenotype and n e i t h e r  d id  a 
m u ta t io n  in  fcppS, a gene w h ich  encodes a t r i p e p t i d e  
permease.
I d e a l l y  t h e  n e x t  e x p e r i m e n t  w o u ld  h a v e  b e e n  t o  
complement th e  Xer” phenotype o f  the S. typhimurium pepA 
mutants  w i t h  a c lo n e d  copy o f  t h e  f .  c o l i  x e r B  g e n e .  
H o w e v e r ,  b e c a u s e  o f  t h e  r e s t r i c t i o n  s y s t e m  o f  S.  
typhimurium  i t  was no t  p o s s i b l e  t o  t r a n s f o r m  t h e  pepA
s t r a i n s  w i t h  a 2 - c e r  p l a s m i d  and a c o m p a t i b l e  x e r B
complementing p lasmid.  In s te a d  an exper iment was done t h a t  
showed t h a t  a c loned S. typhimurium pepA gene complemented 
the  xerB  m utat ion  in  E. c o l i . Dr.  C. M i l l e r  k i n d l y  s e n t  us 
the  plasmids pJG6 and pJG7. Both o f  these plasmids c o n ta in
the  pepA gene from S. typhimurium  cloned as p a r t i a l  Sau3A
fragments in t o  the  BamHI s i t e  o f  pBR322. DS941 xerB1  was 
t ransformed w i th  th e  Cmr T e t r  2 - c e r  plasmid pCS202. DS941 
xerB1 c o n ta in in g  pCS202 was then transformed w i th  e i t h e r  
pJG6 o r  pJG7 and t r a n s f o r m a n t s  w ere  s e l e c t e d  on medium 
c o n ta in in g  a m p ic i11 in  and ch lo ra m p h e n ic o l . Plasmid DNA was 
examined on an agarose gel by the  s in g le  co lony l y s i s
m e th o d .  DS941 x e r f l f  c a r r y i n g  pCS202 t h a t  had  been
transformed w i th  e i t h e r  pJG6 or  pJG7 had l o s t  th e  band 
c o r  r e s p o n d  i ng t o  pCS202 and i n s t e a d  had a band  
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F igure  3 .1 0  ce remediated recombinat ion in  pepA+ and pepA~ 
s t r a i n s  o f  ^  typhim urium . CH44 (pepA+ ). CH356 (pepA+ ),
CH351 (pep. A ) and TN1301 (pepA ) (see table 3.1) were
transformed with pKS455 plasmid DNA isolated from CH351. 
Plasmid DNA was visualised on a 0.85% agarose single 
colony gel. cer mediated recombination acting on pKS455 in 
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Other exper im ents  c a r r i e d  out by Dr. George Szatmari  
and Hazel O’ Mara f u r t h e r  confirmed t h a t  xerB  does indeed  
correspond t o  pep>l. The r e s u l t s  o f  these exper im en ts  are  
summarised b r i e f l y  below.
1) The p u r i f i e d  XerB p r o t e i n  was shown t o  have  
p e p t i d a s e  a c t i v i t y  a g a i n s t  t h e  a r t i f i c i a l  p e p t i d e  
s u b s t ra te  le u c in e  p - n i t r o a n i 1id e .  Th is  p e p t id a s e  a c t i v i t y  
was Mn++ dependent and s t a b le  to  heat  a t  70°C ( S t i r l i n g  e t  
a 7, 1989) .
2) E x t ra c ts  prepared from DS941 xerB1 lacked  any heat  
s t a b le  pept idase  a c t i v i t y  a g a in s t  le u c in e  p - n i t r o a n i T i d e .  
S i m i l a r  e x t r a c t s  p r e p a r e d  f ro m  DS941 d i d  c o n t a i n  h e a t  
s t a b l e  pept idase  a c t i v i t y  (O ’ Mara, pers .  comm.).
3 )  Spontaneous m utants  were  s e l e c t e d  w h ic h  were  
r e s i s t a n t  to  th e  t o x i c  p e p t i d e  V a l - L e u - N H 2 '■ b u t  s t i l l  
s e n s i t i v e  to  v a l i n e .  Val-Leu-NH2 is  hydro lysed by pepA+ 
pepN+ s t r a i n s  to  produce v a l i n e ,  which is  t o x i c  t o  E. c o l i  
in  high c o n c e n t ra t io n s .  A plasmid-borne copy o f  xerB  was 
found t o  make th e s e  mutants  s e n s i t i v e  t o  V a l - L e u - N H 2 . 
Severa l  o f  the  mutants s e le c te d  in  t h i s  way were found to  
be Xer” . Those mutants s e le c te d  in  t h i s  way which were 
s t i l l  Xer+ appeared to  r e t a i n  a t  l e a s t  some PepA p e p t id as e  
a c t i v i t y  (O ’ Mara and S z a tm a r i , personal communicat ions).
3 .6  D iscussion
The xerB  sequence r e p o r t e d  by S t i r l i n g  ( 1 9 8 7 )  has 
been extended by 310 bp 5 ’ o f  xerB  and 120 bp 3 ’ o f  x e rB . 
The 310 bp BamHI -  H i n d l l l  fragment 5* o f  xerB  was found 
t o  c o n t a in  two p o t e n t i a l  p ro m o te r  s e q u e n c es  f r o m  w h ich  
xerB  could be t r a n s c r ib e d .  No f u r t h e r  work was c a r r i e d  out  
to  in v e s t i g a t e  whether xerB  i s  a c t u a l l y  t r a n s c r i b e d  from  
one o f  these promoter sequences. There was no obvious sign  
o f  any o t h e r  open r e a d i n g  f r a m e s  w i t h i n  t h e  3 7 0  bp 
upstream o f  the  xerB  coding sequence.
The sequence 3 ’ o f  xerB  was found to  o v e r la p  w i t h  the  
unpublished sequence determined by Heck and H a t f i e l d ,  5 ’
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of  valS  ( t h e  gene f o r  v a l y l  tRNA s y n th e ta s e ) .  Th is  a l low ed  
the  acc ura te  l o c a t i o n  o f  xerB  w i th  resp ec t  to  th e  known 
genes in  th e  9 6 .0  t o  9 7 .0  minute re g io n .  Taken t o g e t h e r ,  
th e  xe rB  sequences r e p o r t e d  h e r e ,  t h o s e  r e p o r t e d  by 
S t i r l i n g  ( 1 9 8 7 ) ,  and t h e  v a l S  s e q u e n c e  o f  H ec k  and  
H a t f i e l d  (1 9 8 8 a ;  1988b) and H a r t l e i n  e t  a l  ( 1 9 8 7 )  g i v e  
5640 bp o f  continuous f .  c o 7i chromosomal sequence.
Between xerf l  and va lS  th e r e  is  a small open read ing  
frame ( o r f 1 3 ) .  The p o s i t io n  o f  o r f i 3 ,  j u s t  downstream o f  
xerB  and s e p a r a t e d  f r o m  x e r B  by tw o  REP s e q u e n c e s ,  
suggests t h a t  o r f 1 3  i s  c o - t r a n s c r ib e d  w i th  xerf l .  There is  
ev idence ,  from a fu s io n  o f  the  f i r s t  63 codons o f  o r f 1 3  to  
th e  7 a cZ ’ gene o f  M13mp18 ( i n  mCS113) ,  t h a t  o r f 1 3  i s  
t r a n s l a t e d  i n v i v o .  A n o th e r  f u s i o n  be tw een  t h e  n e x t  39 
codons o f  o r f 1 3  and l a c Z ’ ( i n  mSD2) i n d ic a t e s  t h a t  the  
o r f 1 3  r e a d i n g  f r a m e  c a r r i e s  on f o r  a n o t h e r  117 bp .  
D e p e n d in g  on w h e t h e r  t h e  s e q u e n c e  d a t a  o f  H e c k  and  
H a t f i e l d  (1988a;  1988b) o r  those o f  H a r t l e i n  e t  a l  (1987 )  
a re  t o  be b e l i e v e d ,  th e  o r f 1 3  open r e a d i n g  f r a m e  t h e n  
c a r r i e s  on f o r  e i t h e r  a f u r t h e r  63 bp or  a f u r t h e r  150 bp. 
This  would make th e  p r o t e in  encoded by o r f 1 3  e i t h e r  123 
amino ac ids  (w i th  a c a lc u la t e d  m olecu la r  w e ight  o f  1 3 ,7 0 0 )  
or 152 amino ac ids  (w i th  a c a lc u la t e d  m olecu la r  w e ig h t  o f  
1 6 , 7 0 0 ) .  The f u n c t i o n  o f  o r f 1 3  i s  n o t  known, b u t  i t  
a p p e a r s  n o t  t o  be e s s e n t i a l  f o r  c e r  s i t e - s p e c i f i c  
recombinat ion .
The proposed o r f 1 3  reading frame o v e r lap s  w i t h  the  
two v a l S  p r o m o t e r s .  I f  e x p r e s s i o n  o f  v a l S  i s  t o  be 
c o n t r o l l e d  independent ly  o f  express ion o f  th e  xerB /  o r f 1 3  
operon th e re  would have to  be a te rm in a to r  f o r  th e  xerB  /  
o r f1 3  t r a n s c r i p t .  T h is  causes an i n t e r e s t i n g  p r o b l e m .  
E i t h e r  th e  t r a n s c r i p t  co u ld  t e r m i n a t e  b e f o r e  t h e  v a l S  
promoters,  in  which case the  o r f 1 3  reading frame would be 
c u t  s h o r t ,  o r  th e  t r a n s c r i p t  c o u ld  t e r m i n a t e  a f t e r  t h e  
prom o ters ,  beyond th e  end o f  o r f 1 3 . I n  t h i s  c a s e  t h e  
te rm in a to r  would have to  stop on ly  those t r a n s c r i p t s  which  
o r i g i n a t e d  from th e  xerB  p ro m o te r  and n o t  t h o s e  t h a t  
o r ig in a t e d  from th e  valS  promoters. A l t e r n a t i v e l y  t h e r e  
might not be any t e r m in a to r  f o r  the  xerB  t r a n s c r i p t ,  in  
which case valS  would be t r a n s c r ib e d  by a com binat ion  o f
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r e a d - t h r o u g h  t r a n s c r i p t i o n  f ro m  x e r f l  and t r a n s c r i p t i o n  
from the  va7S- p rom oters . These a l t e r n a t i v e s  could  o n ly  be 
d i s t i n g u i s h e d  by e x p e r im e n t s  t o  map t h e  3* end o f  t h e  
xerB  t r a n s c r i p t .
The p r e d ic te d  amino ac id  sequence o f  XerB was shown 
to  d is p la y  a high degree o f  sequence s i m i l a r i t y  t o  bovine  
lens le u c in e  am inopept idase .  Th is  s i m i l a r i t y  prompted us 
t o  i n v e s t i g a t e  w h e th e r  x e r f l  c o r r e s p o n d s  t o  any o f  t h e  
known pept idase  genes o f  S. typhimurium  and E . c o l  i .
A l l  pepA mutant s t r a i n s  o f  S. typhimurium  t e s t e d  were 
found to  be p h e n o t y p ic a l ly  Xer” , whereas a l l  pepA+ s t r a i n s  
w e re  X e r + . F u r t h e r m o r e ,  a c l o n e d  pepA  g e n e  f r o m  S. 
typhimurium  was found to  complement th e  Xer” phenotype o f  
xerB  mutant E . c o l i  s t r a i n s .  Other exper iments  showed t h a t  
the  xerf l  gene product  has pept idase  a c t i v i t y  both in  v i t r o  
( a g a i n s t  th e  a r t i f i c i a l  p e p t i d e  a n a lo g u e  L e u - p - n i t r o -  
ani l id e )  and in v iv o  ( a g a in s t  the  d ip e p t id e  V a l -L eu -N H 2 ) -
These exper im ents  led  us to  the co nc lus ion  t h a t  xerf l  
i s  the  pepA gene o f  E. c o l i .  For  the purposes o f  f u r t h e r  
discuss ion th e  pepA nomenclature w i l l  be used r a t h e r  than  
xerf l whenever p o s s ib le .
The r e s u l t s  show t h a t ,  o f  a l l  t h e  p e p t i d a s e  genes  
looked a t ,  on ly  pepA i s  re q u ire d  f o r  c e r  r eco m b ina t ion .  
TN1302 is  mutant in  pepfl, pepD, pepP, pepQ and pepN but  is  
s t i l l  X e r + . None o f  t h e  o t h e r  p e p t i d a s e  g e n e s  can  
s u b s t i t u t e  f o r  pepA as shown by the  f a c t  t h a t  CH351 , which 
has w i l d  ty p e  genes f o r  a l l  t h e  p e p t i d a s e s  a p a r t  f ro m  
pep A, i s  Xer” .
Th is  s p e c i f i c  requ irement  f o r  pepA could be e x p la in e d  
i n  tw o  w a y s .  One p o s s i b i l i t y  i s  t h a t  PepA p l a y s  a 
s t r u c t u r a l  r o le  in  th e  recombination machinery t h a t  ac ts  
a t  cer .  PepA could i n t e r a c t  d i r e c t l y  w i th  c e r  DNA an d /  or  
w i t h  th e  o t h e r  p r o t e i n s  i n v o l v e d  in  c e r  r e c o m b i n a t i o n .  
These i n t e r a c t i o n s  would no t  n e c e s s a r i l y  r e q u i r e  t h e  
pept idase  a c t i v i t y  o f  PepA. I t  is  easy to  en v is age  how 
t h i s  could s p e c i f i c a l l y  re q u i re  PepA r a t h e r  than any o f  
t h e  o t h e r  c e l l u l a r  p e p t i d a s e s ,  b e c a u s e  t h e  o t h e r  
pept idases are  probab ly  s t r u c t u r a l l y  q u i t e  d i f f e r e n t  from 
PepA. However we have so f a r  been unable  t o  d e t e c t  any 
s p e c i f i c  i n t e r a c t i o n s  between PepA and e i t h e r  c e r  o r  ArgR
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( S t i r l i n g ,  1987; G. S z a tm a r i ,  personal communicat ions).
The o t h e r  p o s s i b i 1 i t y  i s  t h a t  t h e  e n z y m a t i c  
(p e p t id a s e )  a c t i v i t y  o f  PepA p lays  some e s s e n t ia l  r o l e  in  
ce r  recom bina t ion .  In  t h i s  case the  s p e c i f i c  requ ire m ent  
f o r  PepA must r e f l e c t  some s u b s t ra te  s p e c i f i c i t y  o f  PepA 
not  possessed by any o t h e r  c e l l u l a r  p e p t i d a s e s .  I t  i s  
indeed the  case t h a t  th e  v a r io u s  pept idases  have d i f f e r e n t  
s u b s t ra te  s p e c i f i c i t i e s .  For in s ta n c e ,  PepA, PepN and PepB 
a re  a l l  d e s c r ib e d  as broad s p e c i f i c i t y  a m i n o p e p t i d a s e s  
( M i l l e r ,  1 9 8 7 ) ,  y e t  a l l  t h r e e  can be d i s t i n g u i s h e d  by 
t h e i r  s u b s t ra te  s p e c i f i c i t i e s .  PepN i s  the  on ly  p e p t id a s e  
i n  E. c o l i  o r  S. t y p h i m u r i u m  t h a t  shows d e t e c t a b l e  
h y d r o l y t i c  a c t i v i t y  towards amino ac id  b e ta -n ap th y la m id e s  
( M i l l e r  and Mackinnon, 1974; M i l l e r  and Schwartz ,  19 78 ) .  
PepA appears  t o  be t h e  o n ly  S. t y p h i m u r i u m  p e p t i d a s e  
capable o f  e f f i c i e n t l y  hy d ro ly s in g  th e  p e p t id e  analogue  
a l a f o s f a l i n  ( L - a l  a n y l - L - 1 - a m i  n o e t h y l  phosphon i  c a c i d ) .  
A l a f o s f a l i n  i s  h y d r o ly s e d  i n  v i v o  t o  p ro d u c e  t h e  t o x i c  
compound L - 1 - a m i n o e t h y l p h o s p h o n i c  a c i d  ( A l l e n  e t  a l ,  
1978) .  However, a l a f o s f a l i n  is  not t o x i c  t o  pepA mutant  
( pepN+ , pepB+ ) s t r a i n s ,  p re s u m a b ly  becau se  i t  i s  n o t  
hydrolysed by these s t r a i n s  (Gibson e t  a l ,  19 8 4 ) .
I f  i t  i s  th e  p e p t i d a s e  a c t i v i t y  o f  PepA t h a t  i s  
r e q u i r e d  f o r  re c o m b in a t io n  a t  c e r ,  t h i s  a c t i v i t y  c o u l d  
c o n c e iv a b ly  be d i r e c t e d  a g a i n s t  e i t h e r  some p r o t e i n  
component o f  the  recombinat ion machinery (ArgR, XerC, o r  
some o th e r  as y e t  u n i d e n t i f i e d  p r o t e i n )  o r  i t  could  be 
d i r e c te d  a g a in s t  a p e p t id e .  I f  the  requ irem ent was f o r  
PepA to  a c t  on one o f  the  o th e r  Xer p r o t e in s ,  i t  would be 
expected t h a t  the  removal o f  one or  s e v e ra l  amino ac id s  
from th e  N - te rm in u s  o f  th e  p r o t e i n  w ould  a c t i v a t e  i t .  
There is  a t  l e a s t  one precedent f o r  th e  a c t i v a t i o n  o f  a 
p r o t e in  by the  removal o f  the  N - te rm in a l  m e th io n in e .  The 
a c t i v i t y  o f  g l u t a m i n e  p h o s p h o r i b o s y 1 p y r o p h o s p h a t e  
am ido trans ferase  re q u i re s  the  removal o f  th e  N - te rm in a l  
methionine to  uncover a c r u c ia l  c y s te in e  re s id ue  (Tso e t  
a l ,  1982) .  There is  no evidence t h a t  PepA can a c t  on th e  
N - te rm in u s  o f  p r o t e i n s ,  a l t h o u g h  t h e r e  i s  no a p r i o r i  
reason why i t  could no t ,  so long as th e  N -te rm inus i s  not  
buried  in the  p r o t e in  t e r t i a r y  s t r u c t u r e .  PepA could  a ls o
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co nce ivab ly  a c t  on th e  N -te rm inus o f  a p r o t e i n  b e fo r e  i t  
is "  f u l l y  t r a n s l a t e d .  I t  i s  known, however, t h a t  PepA is  
not  t h e  enzyme r e s p o n s i b l e  f o r  rem oving  t h e  N - t e r m i n a l  
m e t h i o n i n e  f r o m  t h o s e  p r o t e i n s  w h ic h  do n o t  r e t a i n  
meth ion ine on t h e i r  N -te rm inus (which make up about  60% 
o f  bulk E. c o l i  p r o t e i n ) .  PepA a t ta c k s  many p e p t id e s  w ith  
N -te rm in a l  amino ac id s  o t h e r  than meth ionine and i s  ab le  
t o  proceed beyond th e  N - te rm in a l  amino ac id  (V o g t ,  1970) .  
I t  now a p p e a r s  t h a t  PepM i s  t h e  p r i n c i p a l  enzym e  
re s p o n s ib le  f o r  removing th e  N - te rm in a l  m eth ion in e  from 
E. c o l i  p r o t e in s  ( M i l l e r ,  1987) .
A l t e r n a t i v e l y  PepA c o u ld  be r e q u i r e d  t o  a c t  on a 
p e p t id e  r a t h e r  than a p r o t e i n .  This p e p t id e  cou ld  be an 
i n h i b i t o r  o f  Xer f u n c t i o n ,  or  the  products (amino a c id s )  
re lea sed  by the  a c t i v i t y  o f  PepA on t h i s  p e p t id e  cou ld  be 
a c t i v a t o r s  o f  Xer f u n c t i o n .  These ' p e p t i d e - i n h i b i t o r s  or  
amino a c i d - a c t i v a t o r s  co u ld  c o n c e i v a b l y  m o d i f y  t h e  DNA 
b ind in g  a c t i v i t y  o r  recombinat ion a c t i v i t y  o f  ArgR o r  some 
o th e r  Xer p r o t e i n .
F u tu re  work c o u ld  p o s s i b l y  d i s t i n g u i s h  b e tw e e n  a 
s t r u c t u r a l  o r  an e n z y m a t i c  r o l e  f o r  PepA i n  c e r  
recom binat ion .  S i t e  d i r e c t e d  mutagenesis could be used to  
a b o l is h  the  a c t i v i t y  o f  PepA w i th o u t  a f f e c t i n g  th e  gross 
s t r u c t u r e  o f  the  p r o t e i n .  I f  t h i s  mutat ion d id  not a b o l is h  
the  Xer a c t i v i t y  o f  PepA i t  would show t h a t  PepA p e p t id a s e  
a c t i v i t y  d id  no t  p l a y  an e s s e n t i a l  r o l e  i n  c e r  s i t e -  
s p e c i f i c  recom binat ion .  The c r y s t a l  s t r u c t u r e  o f  bovine  
l e u c in e  aminopeptidase has r e c e n t ly  been solved ( B u r le y  e t  
a l , 1990) and work i s  in  progress to  so lve  th e  s t r u c t u r e  
o f  PepA ( Is a a c s ,  personal communications).  Th is  m igh t  he lp  
t o  t a r g e t  m u t a g e n e s i s  t o  t h e  PepA a c t i v e  s i t e .  
A l t e r n a t i v e l y ,  c l a s s i c a l  g e n e t ic  techniques could be used 
to  s e l e c t  f o r  pepA m uta t ions  t h a t  e i t h e r  a b o l is h  p e p t id a s e  
a c t i v i t y  w i th o u t  a f f e c t i n g  Xer a c t i v i t y  or  a b o l is h  Xer  
a c t i v i t y  w i th o u t  a f f e c t i n g  pept idase  a c t i v i t y .
Of course i t  i s  p o s s i b l e  t h a t  PepA p l a y s  b o th  a 
s t r u c t u r a l  and an enzymatic  r o le  in  c e r  r e c o m b in a t io n . I f  
t h i s  were the  case, PepA and the  o th e r  Xer p r o t e in s  might  
f i r s t  assemble in t o  a recombinat ion complex and o n ly  then  
would the  pept idase  a c t i v i t y  be re q u ire d .
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A v a r i a n t  c e r  s i t e ,  w i th  an a l t e r e d  crossover  reg ion ,  
recombines in  th e  absence o f  both ArgR and PepA (Summers, 
1 9 8 9 ) .  T h is  s i t e  r e q u i r e s  o n l y  a b o u t  50 bp a ro u n d  t h e  
c ro s s o v e r  r e g io n  and has l o s t  d i r e c t i o n a l i t y , a l 1owing  
both in te r m o le c u !a r  and in t ra m o le c u la r  reco m bina t ion .  Some 
d i r e c t i o n a l i t y  i s  r e s t o r e d  i f  ArgR, PepA and t h e  f u l l  
v a r i a n t  s i t e  (2 80  bp) a r e  a l l  p r e s e n t  (Summers,  1 9 8 9 ) .  
These r e s u l t s  s u g g es t  t h a t  ArgR, PepA and t h e  u p s t re a m  
r e g io n  o f  c e r  (w h ich  in c l u d e s  t h e  ArgR b i n d i n g  s i t e )  
somehow a c t  t o g e t h e r  t o  impose d i r e c t i o n a l i t y  on c e r  
re c o m b in a t io n .  T h is  i s  in  some ways a n a lo g o u s  t o  t h e  
d i r e c t i o n a l i t y  imposed on p rom is c u o u s  ( m u t a n t )  G i n / g i x  
recombination by F is /e n h a n c e r  i n t e r a c t i o n s .  W i ld - t y p e  Gin 
does not promote recombinat ion e f f i c i e n t l y  in  th e  absence 
o f  the  enhancer sequence and F is  (Kahmann e t  a 7, 1985 ) .  A 
mutant Gin enzyme e x i s t s  t h a t  w i l l  c a t a ly s e  recombinat ion  
in  the  absence o f  F is  and the  enhancer ( K l i p p e l  e t  a l , 
1988b).  Th is  mutant Gin is  promiscuous both in  i t s  choice  
o f  s u b s t ra te s  (which can be s u p e rc o i le d  or  l i n e a r )  and in  
th e  r e a c t i o n s  i t  w i l l  promote ( i n v e r s i o n  and d e l e t i o n )  
( K l i p p e l  e t  a l ,  1 9 8 8 b ) .  However ,  t h e  p r e s e n c e  o f  t h e  
enhancer  t o g e t h e r  w i t h  F is  can s t i l l  im po se ,  t o  some 
e x t e n t ,  th e  normal s u b s t r a t e  s e l e c t i v i t y  and r e a c t i o n  
s p e c i f i c i t y  on t h i s  mutant Gin ( K l ip p e l  e t  a l ,  1988b) .
The e x a c t  r o l e  o f  PepA i n  c e r  s i t e - s p e c i f i c  
re c o m b in a t io n  rem ains m y s t e r i o u s .  H ow e ver ,  t h e  r e s u l t s  
discussed in the  above paragraph suggest t h a t  PepA is  not  
the ce r  recombinase but ins tead  p lays an accessory r o l e  in  
cer  recombinat ion .  Th is  is  analogous to  s e v e ra l  o th e r  
systems where ac c e s s o ry  f a c t o r s  a r e  r e q u i  re d  f o r  s i t e -  
s p e c i f i c  r e c o m b i n a t i o n .  IH F  i s  r e q u i r e d  f o r  la m b d a  
i n t e g r a t i o n  and e x c i s i o n  and F IS  i s  r e q u i r e d  f o r  t h e  
v a r io us  DNA in v e rs io n  systems. However, in  these  cases  
the  accessory f a c t o r s  are  known to  i n t e r a c t  s p e c i f i c a l l y  
w ith  sequences re q u ire d  f o r  recombinat ion ( a t t P , a t t L  and 
a t t R  in  the case o f  IHF, the  enhancer s i t e  s i s  in  th e  case 
o f  F i s ) .  PepA, on th e  o t h e r  hand ,  does n o t  a p p e a r  t o  
i n t e r a c t  s p e c i f i c a l l y  w i t h  any o f  t h e  DNA s e q u e n c e s  
re q u ire d  f o r  ce r  s i t e - s p e c i f i c  recombinat ion .
F i n a l l y  i t  is  worth not ing  one more p o in t  t h a t  came
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out o f  th e  exper im ents  w i th  S. typhimurium . Th is  is  the  
f a c t  t h a t  S.  t y p h i m u r i u m  i s  c a p a b l e  o f  e f f i c i e n t l y  
c a r r y i n g  o u t  r e c o m b in a t io n  a t  p l a s m id  b o rn e  c e r  s i t e s .  
This im p l ie s  t h a t  a l l  o f  the fu n c t io n s  re q u i re d  f o r  cer  
s i t e - s p e c i f i c  recom binat ion  are  p resent  in  S. typhimurium  
as w e l l  as in  E. c o l i . The S. typhimurium argR  and pepA 
genes have a l r e a d y  been c h a ra c te r is e d  and mapped ( K e l ln  
and Zak, 1978; Sanderson and H ur ley ,  1987; M i l l e r ,  1987) .  
P re l im in a r y  southern  b l o t  experiments have re v e a le d  t h a t  
S. typhimurium  a ls o  co n ta in s  a homologue o f  th e  E. c o l i  
xerC  gene ( P e t e r  Sykora,  personal communicat ion) .  This  
conserva t ion  o f  Xer  f u n c t io n  tends to  suggest t h a t  these  
fu n c t io n s  are  im p o rta n t  f o r  b a c t e r i a l  f i t n e s s  and probab ly  
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4 .1  INTRODUCTION
P r i o r  t o  t h i s  work, e leven  independent x e r  mutants  
had been i s o l a t e d  (S te w a r t ,  1986; S t i r l i n g ,  1 9 87 ) .  Two o f  
these mutants belonged t o  the  argR complementation group, 
the  o th e r  n ine  belonged t o  the  pepA complementation group. 
These e le v e n  m utants  d i d  n o t  make up a l a r g e  enough  
sample to  be c o n f id e n t  t h a t  a l l  x e r  comp!ementaion groups 
were r e p r e s e n t e d .  F u r th e rm o re  i t  a p p e a re d  t h a t  n e i t h e r  
ArgR or  PepA was th e  a c tu a l  recombinase t h a t  a c ts  on c er  
because: i )  n e i t h e r  p r o t e i n  d i s p l a y s  s i g n i f i c a n t  amino  
ac id  s i m i l a r i t y  to  any known recombinase ( S t i r l i n g  e t  a l ,  
1988b; 1989) ,  and i i )  a v a r i a n t  c e r  s i t e  produced by David 
Summers ( t h e  type  I I  h y br id  between ColE1 c e r  and CloDF13 
p a r B ) recombines in  th e  absence o f  f u n c t i o n a l  a r g R  and 
pepA genes (Summers, 19 89 ) .  Th is  im p l ie d  t h a t  th e  gene f o r  
th e  c e r  recombinase rem ained t o  be d i s c o v e r e d .  I t  was 
t h e r e f o r e  decided to  look f o r  f u r t h e r  genes re q u i re d  f o r  
ce r  s i t e - s p e c i f i c  recom binat ion .
The s e l e c t i o n  s t r a t e g y  used by C o l i n  S t i r 1 in g  t o  
produce n ine o f  th e  e leven  x e r  mutants was based on the  
t r a n s f o r m a t i o n  o f  Tn5 m u ta g e n is e d  p o p u l a t i o n s  w i t h  t h e  
plasmid pKS455 ( S t i r l i n g ,  1987) .  Th is  plasmid c o n ta in s  two 
d i r e c t l y  repeated copies o f  c e r  f l a n k i n g  a copy o f  th e  ca t  
gene, encoding re s is ta n c e  to  ch lo ram phen ico l .  In  a w i ld  
type host (X e r+ ) s i t e - s p e c i f i c  recombinat ion between the  
c e r  s i t e s  produces two c i r c l e s ;  one (p456)  c o n ta in s  the  
Apr  gene and r e p l i c a t i o n  o r i g i n ,  th e  o th e r  (p457 )  c a r r i e s  
on ly  the  ca t  gene ( F ig  4 . 1 ) .  The c i r c l e  c a r r y in g  th e  ca t  
gene f a i l s  to  r e p l i c a t e  and on ly  p456 p e r s i s t s .  The host  
t h e r e f o r e  remains r e s i s t a n t  t o  a m p i c i l l i n  b u t  becomes  
s e n s i t i v e  to  ch loram phenico l .  Mutants d e f e c t i v e  in  genes 
re q u ire d  f o r  ce r  s i t e - s p e c i f i c  recombinat ion ( x e r  genes) 
can be s e le c te d  because they  r e t a i n  pKS455 in  i t s  o r i g i n a l  






























F ig u r e  4 .1  Diagrammatic  r e p r e s e n t a t i o n  o f  Xer  -  dependent  
r e s o l u t i o n  o f  t h e  r e p o r t e r  p lasmid  pKS455. pKS455 i s  r a p i d l y  
r e s o l v e d  in  X e r + h o s t s .  Note  t h a t ,  o f  t h e  tw o  r e s o l u t i o n  
pro d u c ts ,  o n ly  p456 c o n ta in s  a r e p l i c a t i o n  o r i g i n .
4 .2  Tn5 as a mutagen
S e v e r a l  t r e a t m e n t s ,  such as i r r a d i a t i o n  w i t h  UV 
l i g h t ,  t r e a t m e n t  w i t h  c h e m ic a l  m utagens and t r a n s p o s o n  
m uta gen es is  can be used t o  i n c r e a s e  b a c t e r i a l  m u t a t i o n  
r a t e s .  Mutagenesis w i th  th e  b a c t e r i a l  transposon Tn5 has a 
number o f  advantages over  o t h e r  methods o f  mutagenesis .  
Tn5 i s  a 5 .8  kbp composite ( c la s s  I )  transposon made up o f  
two c o p ie s  o f  th e  1 ,5 3 5  bp I S 5 0 ,  i n  i n v e r t e d  r e p e a t ,  
f l a n k i n g  a c e n t r a l  r e g io n  o f  2 . 7  kbp ( F i g  4 . 2 ) .  The  
c e n t r a l  r e g io n  o f  Tn5 c a r r i e s  a gene e n c o d in g  n e o m y c in  
phosphotransferase I I ,  c o n f e r r in g  re s is ta n c e  to  neomycin 
and kanam ycin .  Two o t h e r  genes in  t h i s  r e g i o n  c o n f e r  
r e s is ta n c e  to  s t rep tom yc in  ( c r y p t i c  in  E. c o l i )  and CL990,  
a member o f  the  bleomycin f a m i l y  o f  a n t i b i o t i c s  (M a zo d ie r  
e t  a l , 1985 ) .  The p r o p e r t i e s  o f  Tn5 have been rev iew ed by 
Berg and Berg ( 1 9 8 3 ) .  Some o f  these p r o p e r t i e s ,  r e l e v a n t  
to  the  use o f  Tn5 as a mutagen, a re  l i s t e d  below:
1) Tn5 i n s e r t i o n  m utants  can be p r e - s e l e c t e d  b e f o r e  
screening by a per io d  o f  growth on kanamycin.
2) A f t e r  a mutant has been o b ta in ed ,  the c lose  p h y s ic a l  
and g e n e t ic  l in k a g e  o f  Tn5 to  the  mutant a l l e l e  can be 
used t o  map the  gene, by both g e n e t ic  and p h y s ic a l  (eg  
r e s t r i c t i o n )  means. The c lo s e  a s s o c ia t io n  o f  Kmr , encoded 
by Tn5, w i th  the  m uta t ion  can be used to  c o n s t r u c t  new 
s t r a i n s  c a r r y i n g  th e  m u ta t io n  and t o  c lo n e  t h e  m u t a t e d  
gene.
3) Tn5 transposes in t o  th e  chromosome w ith  v e ry  l i t t l e  
sequence s p e c i f i c i t y .  I t  i n s e r t s  a t  many s i t e s  w i t h i n  a 
gene (Berg e t  a l , 1980) and in  many genes on th e  E. c o l i  
chromosome (Shaw and Berg, 19 79 ) .  Very la rg e  pools  o f  Tn5
c
in s e r t i o n  mutants (up to  10 ) can e a s i l y  be genera ted  as 
descr ibed below. The E. c o l i  chromosome is  a p p ro x im a te ly
fi c4 x 10 bp in  s i z e ,  so a pool o f  10° independent mutants  




F i g u r e  4 . 2  D iag ram m at ic  r e p r e s e n t a t i o n  o f  T n 5 .  Tn5
c o n t a in s  two c o p ie s  o f  IS50  f l a n k i n g  a c e n t r a l  r e g i o n  
encoding re s is ta n c e  to  kanamycin (Km), CL990 ( B l e )  and
streptom ycin  ( S t r ) .  R e s t r i c t i o n  enzymes r e c o g n i t io n  s i t e s  
are  shown as fo l lo w s :
B = BamHI Bg = B g l l l  H = H i n d l l l
P = P s t I  S = S a i l  S = SphI
1S50L Km Ble Sir
■ I ' k b p ' .
4)  I n s e r t i o n  o f  Tn5 i n t o  a gene u s u a l ly  r e s u l t s  in  t o t a l  
i n a c t i v a t i o n  o f  t h e  t a r g e t  g e n e .  R e v e r s i o n  o f  Tn5  
i n s e r t i o n  m u ta t io n s  by t r a n s p o s o n  e x c i s i o n  o c c u r s  a t  a 
v e ry  low f r e q u e n c y ,  about  10” 6 r e v e r t a n t s / g e n e r a t i o n  
(Berg,  1977) .  I n s e r t i o n s  w i t h i n  m ult igene  operons u s u a l ly  
e x e r t  h ig h ly  p o la r  e f f e c t s  on genes lo ca ted  downstream o f  
th e  i n s e r t i o n .  Berg e t  a l  (1980 )  noted t h a t  ap p ro x im a te ly  
one t h i r d  o f  Tn5 i n s e r t i o n s  i n t o  l a c Z  r e s u l t e d  i n  a 
c o n s t i t u t i v e  low  l e v e l  o f  e x p r e s s i o n  o f  l a c Y .  The  
re m a in in g  two t h i r d s  o f  i n s e r t i o n s  i n t o  7acZ t o t a l l y  
ab o l ished  express ion  o f  lacY.
The uses o f  Tn5 as a mutagen are  e x t e n s iv e ly  reviewed  
in  de B r u i jn  and Lupski ( 1 9 8 4 ) .  Because o f  th e  advantages  
l i s t e d  above i t  was decided t o  cont inue  t o  use Tn5 as a 
mutagen.
4 . 3  Lambda NK467 as a Tn5 d e l i v e r y  v e c to r
Lambda NK467 is  a " s u ic id e "  v e c to r ,  c o n s t ru c te d  by 
Nancy K leckner ,  f o r  th e  d e l i v e r y  o f  Tn5 as a mutagen. I t s  
use f o r  t h i s  purpose i s  descr ibed  by de B r u i j n  and Lupski  
( 1 9 8 4 ) .  The genotype  o f  lambda NK467 i s  d e l t a  b 2 2 1 ,  
r e x : :T n 5 ,  c I8 5 7 ,  Oam, Pam. The b221 d e l e t i o n  removes a t t P  
along w ith  i n t  and x i s  so t h a t  th e  phage can not i n t e g r a t e  
i n t o  th e  E. c o l i  chromosome (D a v id s o n  and S z y b a l s k i ,  
1 9 7 1 ) .  The O and P g e n e s  a r e  e s s e n t i a l  f o r  p h ag e  
r e p l i c a t i o n ,  t h e r e f o r e  lambda NK467 can be propagated in  
an amber suppressing s t r a i n  such as DS941 but w i l l  not  
r e p l i c a t e  in  a Sup° s t r a i n .  The v a s t  m a jo r i t y  o f  Kmr  c e l l s  
rece ived  a f t e r  i n f e c t i o n  o f  a Sup° s t r a i n s  such as DS953 
w i l l  r e s u l t  f rom t r a n s p o s i t i o n  o f  Tn5 i n t o  t h e  h o s t  
chromosome.
4 . 4  The use o f  pKS455 in  th e  s e l e c t i o n  o f  x e r  mutants
An i n i t i a l  p e r i o d  o f  g r o w t h  on medium w i t h o u t  
choramphenicol  was found t o  be n e c e s s a r y  f o r  p r o p e r  
expression o f  the  c a t  gene in  pKS455 t ra n s fo rm a n ts  o f  X er” 
s t r a i n s .  When Xer” s t r a i n s  were transformed w i th  pKS455
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and p la te d  d i r e c t l y  onto medium c o n ta in in g  both a m p i c i l l i n  
and ch loram ph en ico l ,  no t ran s fo rm a n ts  were o b ta in e d .  These 
same X e r ” pKS455 t r a n s f o r m a n t s  w ere  a l s o  p l a t e d  o n t o  
medium c o n ta in in g  on ly  a m p i c i l l i n  and then r e p l i c a  p la te d  
onto medium co n ta in in g  a m p i c i l l i n  and c h loram phen ic o l .  A l l  
o f  th e s e  t r a n s f  ormants were fo u n d  t o  be r e s i s t a n t  t o  
chloramphenicol a f t e r  r e p l i c a  p l a t i n g .  The s e l e c t i o n  o f  
x e r  mutants from a p o p u la t io n  t ransform ed w i th  pKS455 was 
found to  be a very c lean  s e l e c t i o n .  DS941 (a  X er+ s t r a i n )  
was t r a n s fo rm e d  w i t h  pKS455 and p l a t e d  o u t  o n t o  s o l i d  
medium c o n t a i n i n g  a m p i c i l l i n .  T r a n s f o r m a n t s  w e re  t h e n  
r e p l i c a  p l a t e d  onto  medium c o n t a i n i n g  a m p i c i l l i n  and 
c h l o r a m p h e n i c o l .  Less  t h a n  one i n  t e n  t h o u s a n d  
t r a n s f o r m a n t s  was f o u n d  t o  be r e s i s t a n t  t o  
ch loram phenico l .
I n  o r d e r  t o  s e l e c t  x e r  m u t a n t s ,  t h e  m u ta g e n i  sed
p o p u l a t i o n  must be t r a n s f o r m e d  w i t h  p K S 4 5 5 .  T h i s
t r a n s fo rm a t io n  is  an i n e f f i c i e n t  process; less  than one in
a t h o u s a n d  v i a b l e  c e l l s  p u t  i n t o  a s t a n d a r d  C a C l 2
t r a n s f o r m a t i o n  e x p e r im e n t  i s  t r a n s f o r m e d  a t  s a t u r a t i n g
c o n c e n t r a t i o n s  o f  p lasm id  DNA. An u n a m p l i f i e d  m u t a n t
5p o pu la t io n  c o n ta in in g  10 independent mutants, t ran s fo rm ed  
w i t h  p K S 4 5 5 ,  w i l l  y i e l d  o n l y  a b o u t  100 a m p i c i l l i n  
r e s i s t a n t  c o lo n ies  f o r  the  s e l e c t i o n  o f  x e r  m utants .  E. 
c o l i  co n ta ins  o f  the  o rd e r  o f  5 ,0 00  genes. T h e r e fo re  in  
th eory  a p o pu la t io n  o f  about 15 ,000 mutants is  needed to  
have a 95*  chance o f  c o n ta in in g  a t  l e a s t  one mutant w i t h  a 
mutat ion  in  a given gene. In  o rd e r  to  screen a p o p u la t io n  
o f  t h i s  s i z e  f o r  x e r  m u t a n t s ,  t h e  T n 5 - m u t a g e n i s e d  
p o pu la t io n  must f i r s t  be a m p l i f i e d  by a per iod  o f  growth  
on kanamycin, p r i o r  to  t ra n s fo rm a t io n  w ith  pKS455. Th is  
a l l o w s  t h e  g e n e r a t i o n  o f  l a r g e  num bers  o f  pKS4 55  
t ran s fo rm an ts  which can then be screened f o r  r e s is t a n c e  t o  
ch loram phenico l .
Any m u t a t i o n s  t h a t  c a u s e  a r e d u c t i o n  i n  h o s t  
v i a b i l i t y  w i l l  be undei— r e p r e s e n t e d  in  t h e  a m p l i f i e d  
p o p u la t io n .  I t  would t h e r e f o r e  be d i f f i c u l t  to  s e l e c t  x e r  
mutants i f  they were less  v i a b l e  than w i ld  type  s t r a i n s .  
The a m p l i f i c a t i o n  s t e p  c o u l d  be a v o i d e d  i f  a m ore  
e f f i c i e n t  method, such as e l e c t r o p o r a t i o n  or  c o n ju g a t io n ,
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was used  t o  g e t  t h e  t e s t  p l a s m i d  i n t o  t h e  m u t a n t  
p o p u la t io n .  Obviously  i f  f u r t h e r  x e r  genes a re  a b s o lu t e ly  
e s s e n t ia l  f o r  host growth, m uta t ions could not be ob ta ined  
in  these  genes unless a screen were developed t h a t  could  
pick  up c o n d i t io n a l  l e t h a l  x e r  mutants .  D e s p i te  w o rr ie s  
t h a t  new x e r  mutants might have a reduced v i a b i l i t y ,  i t  
was decided to  use e s s e n t i a l l y  th e  same mutagenesis and 
s e l e c t i o n  s t r a t e g y  as had been employed b e fo re .
4 . 5  Mutagenesis  and s e l e c t i o n  o f  x e r  mutants
DS953 (a  Sup° s t r a i n )  was grown to  s t a t i o n a r y  phase
q
i n  L b r o t h ,  g i v i n g  a d e n s i t y  o f  a p p r o x i m a t e l y  10 
c e l l s / m l .  To a 2 .5  ml a l i q u o t  o f  t h i s  c u l t u r e  was added: 
MgS04 t o  10mM and ap p rox im a te ly  2 .5  x 108 plaque forming  
u n i t s  (p fu )  o f  lambda NK467. The m ix tu re  was incubated  a t  
3 0°C  f o r  tw o  h o u r s  t o  a l l o w  ph ag e  a b s o r p t i o n ,  
t r a n s p o s i t i o n  o f  Tn5 and express ion  o f  Kmr . The c e l l s  were 
washed in  20 ml o f  L b ro th ,  c e n t r i f u g e d  and resuspended in  
2 .5 m l .  150 ul o f  t h i s  mutagenised p o p u la t io n  was p la te d
onto medium c o n ta in in g  kanamycin. A f t e r  o v e r n ig h t  growth
a t  37°C, approx im ate ly  3 ,0 00  Kmr c o lo n ie s  were o b ta in e d .
- 4Th is  represents  a t r a n s p o s i t i o n  frequency o f  2 x 10 
Kmr c e l l s  per  p f u .  I f  each Kmr c o lo n y  r e p r e s e n t e d  an 
independent t r a n s p o s i t i o n  ev en t ,  then the  3 ,0 0 0  c o lo n ie s  
on t h i s  p l a t e  c a r r i e d  a Tn5 i n s e r t e d  in  t h e  E. c o l i  
chromosome on average  once e v e r y  1 , 5 0 0  bp.  T h i s  was 
t h e r e f o r e  by no means a complete s a t u r a t i o n  mutagenesis.  
The Kmr co lo n ie s  were washed o f f  the  p l a t e  in  10 ml o f  
phage b u f f e r .  0 .5  ml o f  the  suspension produced was used 
t o  i n o c u l a t e  20 ml o f  L b r o t h  f o r  t h e  p r e p a r a t i o n  o f  
competent c e l l s .  These were t ransform ed w i th  pKS455 and 
p l a t e d  onto L agar  c o n t a i n i n g  a m p i c i l l i n  and k a n a m y c in  
g i v i n g  a p p r o x i m a t e ly  104 Apr  Kmr c o l o n i e s .  The 3 , 0 0 0  
o r i g i n a l  Kmr c o lo n ie s  were each r e p r e s e n t e d  on a v e r a g e  
about th re e  t imes in  the  pKS455 t ra n s fo rm a n t  p o p u la t io n .  
Assuming t h a t  a l l  o f  the mutants were transform ed w i t h  the  
same p r o b a b i l i t y ,  i t  can be c a lc u la t e d  (us ing  th e  Poisson  
d i s t r i b u t i o n )  t h a t  95% o f  the  o r i g i n a l  3 ,0 00  mutants were 
re p r e s e n t e d  a t  l e a s t  once in  t h e  pKS455 t r a n s f o r m a n t
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p o p u la t io n .  The pKS455 t ran s fo rm a n ts  were r e p l i c a  p l a t e d  
o n t o  medium c o n t a i n i n g  a m p i c i l l i n ,  k a n a m y c i n  and  
c h l o r a m p h e n i c o l . E l e v e n  A p r  Kmr Cmr c o l o n i e s  w e r e  
o b ta in e d .  The e n t i r e  mutagenesis and s e le c t io n  scheme is  
o u t l i n e d  in  F ig  4 . 3 .
O b v io u s ly  t h e  e le v e n  c o l o n i e s  p rod uc ed  w e re  n o t  
n e c e s s a r i ly  independent ,  but might have r e s u l te d  from th e  
t r a n s f o r m a t i o n  o f  de s c e n d a n ts  o f  a s i n g l e  Tn5 m u t a n t .  
Independent mutants could be produced by r e p e a t in g  t h i s  
procedure on s e p a ra te  a l i q u o t s  o f  c e l l s .  Four a l i q u o t s  o f  
DS953 were mutagenised and t ransform ed w i th  pKS455 e x a c t l y  
as d e s c r ib e d  above.  Each a l i q u o t  gave a p p r o x i m a t e l y
O  p  ,
2 x 10 Km c o l o n i e s  which th e n  y i e l d e d  a p p r o x i m a t e l y  
5 x 103 Apr  Kmr pKS455 t r a n s f o r m a n t s . A f t e r  r e p l i c a  
p l a t i n g  a t o t a l  o f  12 Apr  Cmr  Kmr c o lo n ies  were o b ta in e d  
f r o m  t h r e e  o f  t h e  f o u r  m u t a g e n e s i s  e x p e r i m e n t s  
(T ab le  4 . 1 ) .
In  a l l ,  a t o t a l  o f  23 Apr  Cmr Kmr c o l o n i e s  w e re  
i s o la t e d  from fo u r  independent mutagenesis e x p er im e n ts .  
These c o l o n i e s  co u ld  e i t h e r  have  r e p r e s e n t e d  h o s t  x e r  
mutants unable to  d e l e t e  th e  c a t  gene from pKS455 o r  th ey  
could have represented plasmid ( c e r )  m utat ions no lo n g e r  
a b le  to  lose Cmr by recombinat ion  in  a Xer+ host .  Only  th e  
e l e v e n  m u t a n t s ,  p r o d u c e d  i n  t h e  f i r s t  m u t a g e n e s i s  
exper im ent ,  were ever  c h a r a c t e r is e d  in  any d e t a i l .
4 .6  I n i t i a l  c h a r a c t e r i s a t i o n  o f  x e r  mutants
The f i r s t  s tep in  c h a r a c t e r i s i n g  the  11 Ap^ Cmr  Kmr  
c o lo n ies  was to  examine t h e i r  plasmid conten t  by agarose  
gel e l e c t r o p h o r e s i s .  T h is  r e v e a l e d  t h a t  seven  c o l o n i e s  
conta ined on ly  a plasmid o f  th e  c o r r e c t  s i z e  t o  be pKS455, 
as expected f o r  x e r  mutants.  The remaining f o u r  c o lo n ie s  
conta ined a m ix tu re  o f  two p lasmids, one the  c o r r e c t  s i z e  
to  be pKS455 (about 80 *  o f  the  t o t a l  plasmid DNA) and th e  
o th e r  th e  c o r r e c t  s i z e  to  be p456 (about 20*  o f  th e  t o t a l  
plasmid DNA). Th is  leaky Xer“ phenotype was th ought  t o  be 
both novel and i n t e r e s t i n g .
The next  step in  c h a r a c t e r i s i n g  these mutants was to  
see i f  t h e i r  Xer“ phenotype was g e n e t i c a l l y  l in k e d  t o  th e
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Grow DS953 to  s ta t io n a r y  phase
1
I n f e c t  w i th  lambda NK467 
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I
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In o c u la te  20 ml o f  L broth  w i th  mixed 
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F igure  4 .3  Flow c h a r t  o f  mutagenesis and s e l e c t i o n  o f  xe r  
mutants.
Table  4 .1  Number o f  p o ss ib le  xe r  mutants ob ta ined  from  
f i v e  independent Tn5 mutagenesis experiments.
No. o f  Apr No. o f  Apr Cmr
Mutant No. o f  Tn5 Kmr pKS455 Kmr pKS455
p o pu la t io n  mutants t ransfo rm ants  t ran s fo rm an ts
DS953: : Tn5 #5 3000 10,000 11
DS953: : Tn5 #6 2000 5 ,000  0
DS953: : Tn5 #7 2000 5 ,000  8
DS953: : Tn5 #8 2000 5 ,000  3
DS953: :Tn5 #9 2000 5 ,000  1
Table 4.2 Co-transduction of Xer phenotype with Tn5
P1|<c lysate No. of Kmr No. of Xer” %co- complemented by
of strain transductants transductants transduction pGS38 pCS110
SCX5.1 2 2 100 -  +
SCX5.2 2 1 50 -  +
SCX5.7 2 2 100 -  +
SCX5.9 2 2 100 -  +
SCX5.11 1 0 0 n/a n/a
SCX5.12 2 1 50 -  +
SCX5.13 2 2 100 +
SCX5.4* 4 4 10
The Xer phenotypes of Kmr transductants were assessed by transformation 
of transductants with pCS202 followed by agarose gel electrophoresis of 
plasmid DNA.
SCX5.4 was the leaky xer mutant that retained a mixture of pKS455 and 
p456. All four transductants from SCX5.4 displayed a similar leaky 
phenotype when transformed with pCS202.
Tn5 i n s e r t i o n .  P1 l y s a t e s  w ere  made f ro m  t h e  seven
t o t a l l y  Xer” s t r a i n s  and from on ly  one o f  th e  lea ky  Xer”
s t r a i n s .  These ly s a t e s  were then used to  t ransduce  the  
m utat ions i n t o  DS941, by s e l e c t i n g  f o r  Tn5 encoded Kmr . 
Two t ra n s d u c ta n ts  from each o f  the  t o t a l l y  Xer” ly s a te s  
and fo u r  from the  leaky  Xer” l y s a t e  were then transform ed  
w ith  the  2 - c e r  plasmid pCS202. The Xer phenotype o f  each 
t r a n s d u c t a n t  was assessed by ge l  e l e c t r o p h o r e s i s  o f  
plasmid DNA from pooled t ra n s fo rm an ts .
As can be seen in  T a b le  4 . 2  t h e  X e r ” p h e n o ty p e
c o t r a n s d u c e s  w i t h  Tn5 i n  a l l  b u t  one c a s e ,  w i t h  a 
f r e q u e n c y  o f  50% t o  100%. These r e s u l t s  d e m o n s t r a t e d  
c o n c lu s iv e ly  t h a t  a t  1 e a s t  seven o f  the  e leven o r i g i n a l  Apr  
Cmr Kmr c o lo n ie s  conta ined  genuine Tn5 l in k e d  host  x e r  
mutat ions and not c e r  o r  o th e r  plasmid m uta t ions .  The lack  
o f  100% co tra n s d u c t io n  between Tn5 and the X e r” phenotype'  
o f  some o f  th e  s t r a i n s  could have been caused by the  
presence o f  secondary copies o f  Tn5, not l in k e d  t o  the  
x e r  m u ta t io n .
A m ix tu re  o f  pCS202 and pCS203 ( th e  1 - c e r  d e l e t i o n  
d e r i v a t i v e  o f  pCS203) was seen in  t r a n s f  o rm a n ts  o f  a l l  
f o u r  t r a n s d u c t a n t s  f rom  t h e  l e a k y  X e r ” s t r a i n .  T h i s  
p a r t i a l  r e s o l u t i o n  o f  pCS202 was v e r y  s i m i l a r  t o  t h e  
p a r t i a l  r e s o lu t i o n  o f  pKS455 seen in the  o r i g i n a l  mutant.
An e x p e r im e n t  was then  c a r r i e d  o u t  t o  a s c e r t a i n  
whether the  Xer” phenotype o f  these sevea mutant s t r a i n s  
was complemented by cloned copies o f  e i t h e r  argR o r  pepA.
A Xer” t r a n s d u c ta n t  from each ly s a t e ,  a l re a d y  c o n ta in in g  
pCS202, was t r a n s fo rm e d  w i t h  e i t h e r  pCS110 ( a  pepA+ 
p la s m id )  o r  pGS38 (an argR+ p l a s m i d ) .  P la s m id  DNA was 
recovered from tra n s fo rm a n ts  and analysed by agarose gel 
e le c t r o p h o r e s is .  Complementation was s a id  to  have occurred  
i f  th e r e  was no band co m igra t ing  w i th  pCS202 and a new 
band had appeared which comigrated w i th  pCS203. A l l  s i x  
t o t a l l y  X e r ” t r a n s d u c t a n t s  t e s t e d  w e re  f o u n d  t o  be 
complemented by pCSI10 and not by pGS38 (T a b le  4 . 2 ) .  They 
were t h e r e f o r e  presumed to  be mutant in  the pepA gene and 
were not analysed f u r t h e r .  I t  i s  q u i t e  l i k e l y  t h a t  they  
were not a l l  independent mutants.
The le a k y  x e r  m u t a t io n ,  P1 t r a n s d u c e d  i n t o  DS941 ,
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appeared not to  be complemented by e i t h e r  pepA o r  argR . 
Transductants  from th e  leaky  x e r  mutant c o n ta in in g  pCS202 
r e t a in e d  a band which comigrated w i th  pCS202, and showed 
no s i g n i f i c a n t  in c re as e  in  th e  amount o f  pCS203 p re s e n t  
when transform ed w i t h  e i t h e r  pCS110 or  pGS38. T h is  mutant  
appeared  t o  be long t o  a new c o m p le m e n ta t i o n  g r o u p .  The  
m utat ion  was t h e r e f o r e  g iven th e  name x e r C 1 : :T n 5 .
The p h e n o t y p e  o f  t h e  x e r C 1  m u t a t i o n  c o u l d  be 
d is t in g u is h e d  from t h a t  o f  pepA and argR in  a n o th e r  way. 
R ecom bina t ion  a t  th e  ty p e  I I  h y b r i d ,  w h ic h  does  n o t  
r e q u i r e  the  f u n c t io n  o f  e i t h e r  pepA or  argR , was found to  
be s u b s t a n t i a l l y  reduced in  DS941 xerC1.  DS941 xerC1  was 
t r a n s fo rm e d  w i t h  pSDC110, w h ic h  c o n t a i n s  two d i r e c t l y  
repeated copies o f  the  type  I I  (ColE1 ce r  -  CloDF13 parB)  
h y b r i d .  I n t r a m o l e c u l a r  r e c o m b i n a t i o n  ( d e l e t i o n )  a t  t h e  
type  I I  hybr id  s i t e  was found to  be s u b s t a n t i a l l y  reduced  
i n  DS941 x e r C 1 . I n t e r m o 1 ecu 1a r  r e c o m b i n a t i o n  
( m u l t im e r is a t i o n )  appeared a ls o  to  be reduced by th e  xerC1  
m u ta t io n .  A comparison o f  the  behaviour o f  th e  r e p o r t e r  
plasmids pKS455, pCS202 and pSDC110 when t ran s fo rm ed  in t o  
DS941, DS941 argR , DS941 pepA and DS941 xerC I  i s  shown in  
Fig 4 . 4 .
4 .7  Mapping and i s o l a t i o n  o f  xe rC I
The Tn5 i n s e r t io n  w i t h i n  xerC I  was g e n e t i c a l l y  mapped 
by i n t e r r u p t e d  m a t in g .  The x e r C I  m u t a t i o n  was f i r s t  P1 
transduced in t o  CGSC4311. Transductants  were s e le c t e d  f o r  
re s is ta n c e  to  kanamycin and then transformed w i t h  pKS455 
t o  check t h a t  th e y  d i s p l a y e d  t h e  l e a k y  X e r ” p h e n o t y p e .  
CGSC4311 i s  an H f r  s t r a i n ,  c a r r y i n g  t h e  F o r i g i n  o f  
t r a n s f e r  a t  a map p o s i t io n  o f  approx im ate ly  14 m inu tes .  
Chromosomal markers are  t r a n s f e r r e d  from t h i s  o r i g i n  in  an 
a n t ic lo c k w is e  d i r e c t i o n .  CGSC4311 xerC I  was mated w i t h  a 
N a l r d e r i v a t i v e  o f  DS903, w h ich  c a r r i e s  t h e  f o l l o w i n g  
mutat ions argE  (map p o s i t io n  90 m in ) ,  hisG  (44  m in ) ,  leuB 
(2 min) and t hr -1  (0  m in ) .  CGSC4311 is  w i ld  type  a t  a l l  o f  
these lo c i  and should t h e r e f o r e  t r a n s f e r  these markers to  
the  r e c i p i e n t  in  th e  o rd e r  leuB, t h r - 1 ,  argE  and l a s t  o f  
al 1 hisG.
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Figure 4 . 4  cer mediated site s p e c i f i c  r e c o m b i n a t i o n  in 
X e r + and X e r “ JL=_ co 1 i s t r a i n s .  D S 941 ,  DS941 a rgR
( xe_rA_9 : : f o l  ) , DS941 pepA ( xerB1 ) and DS941 xerC  1 were
transformed wi th  the r e p o r t e r  plasmids pKS455, pCS202 and 
pSDC110. Plasmid DNA was i s o l a t e d  by the b o i l i n g  method 
and run on a 1 .2 %  agarose  g e l .  pKS455 and pCS202 bo th  
conta in  two d i r e c t l y  repeated copies o f  the w i l d - t y p e  cer  
s i t e .  pSDC110 conta ins  two d i r e c t l y  repeated copies o f  the  
t y pe  I I  ColE1 cer  CloDF13 parB h y b r i d  (Sau3A -  A l u l  
f r a g m e n t ) .  I n t r a m o 1 ecu 1 a r  s i t e - s p e c i f i c  r e c o m b i n a t i o n  
a c t i n g  on pKS455, pCS202 and pSDC110 y i e l d  p456, pCS202 
and p 1 1 1 r e s p e c t i v e l y .
Both donor and r e c i p i e n t  w ere  grown t o  an o p t i c a l  
d e n s i ty  ( A 6 0 q )  o f  about 0 . 4  and then t r a n s f e r r e d  to  a 37°  
non-shaking w ater  bath f o r  30 m inutes.  1 ml o f  th e  donor 
was g e n t l y  mixed w i t h  10 ml o f  t h e  r e c i p i e n t .  0 . 5  ml 
s a m p le s  w e r e  t a k e n  a t  f i v e  m i n u t e  i n t e r v a l s  and  
i n t e r r u p t e d  by d i l u t i o n  in  5 ml o f  ic e  cold 1 x D&M s a l t s  
supplemented w i t h  20 ug/ml n a l i d i x i c  a c i d , f o l l o w e d  by 
v i g o r o u s  v o r t e x i n g .  S a m p le s  w e r e  c o n c e n t r a t e d  by 
c e n t r i f u g a t i o n  and resuspended in  0 .5  ml 1 x D&M s a l t s .  
30 ul from each t im e  p o in t  was p la te d  onto medium t h a t  
s e le c te d  f o r  e i t h e r  Thr+ -  Leu+ or  Arg+ or  H is + o r  Kmr  
r e c i p i e n t s  ( a l l  p l a t e s  conta ined  n a l i d i x i c  a c i d ) .  The t im e  
o f  e n t r y  o f  known markers was much l a t e r  than expected but  
th e  r e s u l t s  shown in  F ig  4 . 5  i n d i c a t e d  t h a t  t h e  Tn5 
i n s e r t i o n  w i t h i n  xerC I  probably  maps w i t h i n  10 minutes o f  
th e  argE  gene a t  90 minutes.
The Tn5 i n s e r t i o n  w i t h i n  xerC I  was p h y s i c a l l y  mapped 
by Southern b l o t  a n a l y s i s .  Chromosomal DNA was prepared  
f r o m  DS941 x e r C I , t r e a t e d  w i t h  v a r i o u s  r e s t r i c t i o n  
e n d o n u c l e a s e s  and ru n  on an a g a r o s e  g e l .  DNA was 
t r a n s f e r r e d  to  a nylon membrane and probed w i th  a m ix tu re  
o f  32P l a b e l l e d  lambda DNA ( t o  show up the  lambda s i z e  
markers)  and pCS80 (a  pBR322::Tn5 d e r i v a t i v e )  to  show up 
chromosomal fragments c o n ta in in g  Tn5. The r e s u l t s  o f  t h i s  
b l o t  a re  shown in  Fig  4 .6  and summarised in  T a b le  4 . 3 .  
These d a ta  showed t h a t  DS941 x e r C I  c a r r i e d  a s i n g l e  
chromosomal copy o f  Tn5.
Tn5 c o n t a i n s  no i n t e r n a l  E c o R I  s i t e s .  I t  was 
t h e r e f o r e  decided to  c lone the  14 kbp Tn5 c o n ta in in g  EcoRI 
f r a g m e n t  s e en  by S o u t h e r n  b l o t t i n g  ( F i g  4 . 6 ) .  T h i s  
f r a g m e n t  s h o u l d  c o n t a i n  t h e  5 . 8  kbp Tn5 w i t h i n  a 
chromosomal fragment o f  approx im ate ly  8 kbp. I t  was hoped 
t h a t  t h i s  fragment would c o n ta in  a l l  o r  p a r t  o f  th e  xerC  
gene. To ta l  DNA from DS941 x e rC t  was cu t  w i th  EcoRI and 
l i g a t e d  in to  pBR322 which had been t r e a t e d  w i th  EcoRI and 
CIP t o  p r e v e n t  l i g a t i o n  o f  t h e  v e c t o r  t o  i t s e l f .  T h i s  
l i g a t i o n  mix was transformed i n t o  DS941 and one Apr  Kmr  
colony was o b ta in e d .  The plasmid from t h i s  Apr  Kmr colony  
was named pSDC10 0 .  pSDC100 p l a s m id  DNA was i s o l a t e d ,  
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Figure  4 .5  I n t e r r u p te d  mating between CGSC4311 xerCI and 
DS903 na1r . CGSC4311 xerCI was mated w i th  DS903 n a l r  as 
described in  the t e x t .  The number o f  (T h r+ Leu+ Na1r ) ,  
(Arg+ N a l r ) ,  (Kmr N a l r ) and ( H is + N a l r ) c o lon ie s  obta ined  
a t  va r ious  t ime po in ts  is  shown in  (A ) .  The g e n e t ic  map o f  
CGSC4311, w i th  the lo c a t io n  of  the  H f r  o r i g i n  o f  t r a n s f e r ,  
i s  shown in  ( B).
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F i g u r e  4 . 6  Southern b l o t  o f  chromosomal DNA f r o m  DS941 
x e rC I  . Chromosomal DNA f rom DS941 xerC  1 was c u t  w i t h  
var io us  r e s t r i c t i o n  enzymes, run on a 0.85% agarose gel  
and t r a n s f e r r e d  to a nylon membrane. The b l o t  was then  
p r o b e d  w i t h  a m i x t u r e  o f  n i c k  t r a n s l a t e d  pCS30  
( pBR322: : Tn5) and lambda DNA.
Lane Sample
1 Lambda H i n d l l l
2 DS941 xerCI  BamHI
3 DS941 xerCI  EcoRI
4 DS941 xerCI  H i n d l l l
5 DS941 xerCI  Kpnl
6 DS941 xerCI  SphI
7 Lambda H i n d l l l
Tab le  4 . 3  S ize s  o f  Tn5 c o n ta in in g  r e s t r i c t i o n  fragments  
from DS941 xerCI
Enzyme No. o f  s i t e s  in Tn5 Fragment s i z e s  (kbp)
BamHI 1 7*  6
EcoRI 0 14*
H i n d l l l  2 >20 3 . 6 *  3 . 4 *
Kpnl 0 >20
SphI 1 14 6 *
T h os e  f r a g m e n t s  m a rk ed  w i t h  an a s t e r i s k  ( * )  a r e  
com plete ly  conta ined  w i t h i n  pSDCIOO. The 3 . 4  kbp H i n d l l l  
fragment is  an i n t e r n a l  fragment from Tn5.
Tab le  4 . 4  The number o f  re c o g n i t io n  s i t e s  i d e n t i f i e d  in  
pSDCIOO f o r  v a r io u s  r e s t r i c t i o n  enzymes.
P re d ic ted  No. o f  s i t e s  in :
No. o f  s i t e s
Enzyme in  pSDCIOO pBR322 Tn5 chromosomal DNA
BamHI 4 1 1 2
H i n d l l l 4 1 2 1
EcoRI 2 1 o 2*
EcoRV 9 1 0 8
Kpnl 1 0 0 1
P s t I 8 1 4 3
P v u I I 6 1 4 1
S a i l 4 1 1 2
SphI 3 1 1 1
jjj
The two EcoRI s i t e s  are  a t  the  boundaries between v e c to r  
and chromosomal sequences.
by e l e c t r o p h o r e s i s  on a g a ro s e  and a c r y l a m i d e  g e l s .  One 
agarose and one ac ry lam ide  gel used in  t h i s  a n a ly s is  a re  
shown in  Fig  4 . 7 .  As can be seen, r e s t r i c t i o n  w i t h  EcoRI 
produced th e  expected 14 kbp T n 5 -c o n ta in in g  chromosomal 
fragment and a 4 .6  kbp v e c to r  f ragm ent .
A breakdown o f  th e  number o f  v a r i o u s  r e s t r i c t i o n  
s i t e s  found in  pSDCIOO and t h e  number o f  such s i t e s  
expected in  both pBR322 and Tn5 is  shown in  T a b le  4 . 4 .  
Using these  d a ta ,  and th e  s iz e s  o f  r e s t r i c t i o n  fragm ents  
e s t im a te d  from  p l o t s  o f  m o b i l i t y  a g a i n s t  lo g  [ f r a g m e n t  
le n g th ]  o f  known markers, a r e s t r i c t i o n  map o f  pSDCIOO was 
deduced ( F i g  4 . 8 ) .  The c o n s t r u c t i o n  o f  t h i s  map was 
g r e a t l y  a i d e d  by t h e  known r e s t r i c t i o n  map o f  tw o  
components o f  pSDCIOO, namely pBR322 and Tn5.
R e s t r i c t i o n  enzyme c leavage o f  pSDCIOO w i th  EcoRI 
y i e l d e d  th e  14 kbp f ra g m e n t  e x p e c t e d  f ro m  t h e  S o u t h e r n  
b l o t  o f  DS941 xerC I  chromosomal DNA. F u r th e r  comparison  
o f  th e  deduced r e s t r i c t i o n  map o f  pSDCIOO ( F ig  4 . 8 )  w i th  
the  r e s u l t s  o f  th e  Southern b l o t  exper iment (F ig  4 . 6  and 
Table  4 . 3 )  confirmed t h a t  the  d e s i r e d ,  xerC  l i n k e d ,  copy 
o f  Tn5 had been cloned in  pSDCIOO.
A r e s t r i c t i o n  map o f  th e  w i l d  t y p e  8 . 3  kbp EcoRI  
f ragment,  which was thought t o  c o n ta in  a t  l e a s t  p a r t  o f  
xerC , was deduced by s u b t r a c t in g  the  known r e s t r i c t i o n  map 
o f  Tn5 from th e  pSDCIOO r e s t r i c t i o n  map. C o m p a r is o n  o f  
t h i s  deduced map o f  th e  xerC  r e g i o n  w i t h  t h e  c o m p l e t e  
r e s t r i c t i o n  map o f  the E. c o l i  chromosome (Kohara e t  a 7, 
1987) reve a le d  a very convinc ing  match a t  a map p o s i t i o n  
o f  85 m inu tes  ( c o - o r d i n a t e s  3 , 7 1 6  t o  3 , 7 2 4 ) .  F u r t h e r  
r e f in e m e n t  o f  t h i s  map p o s i t i o n  was made p o s s i b l e  by 
comparison w i th  the  d e t a i l e d  r e s t r i c t i o n  map o f  th e  i l v  -  
metE -  udp reg ion o f  the  E. c o l i  chromosome (A ld ea  e t  a l , 
1988; see Fig  4 . 9 ) .  Th is  a l low ed the  p o s i t io n  o f  Tn5 in  
pSDCIOO (and t h e r e f o r e  by im p l i c a t i o n  in  DS941 x e r C I )  t o  
be a c c u r a t e ly  determined. The xerC I  l in k e d  copy o f  Tn5 i s  
lo ca te d  between th e  genes f o r  ad e n y la te  cyc lase  ( c y a )  and 
the  SOS-inducib le  DNA h e l ic a s e  I I  ( uvrD ) ,  in  the  85 minute  
reg ion  o f  the  E. c o l i  chromosome. The ex ten s io n  o f  th e  
r e s t r i c t i o n  map o f  the xerC  re g io n ,  o u ts id e  o f  th e  8 . 3  kbp 
E co R I  f r a g m e n t  c o n t a i n e d  i n  pSDCIOO, c o n f i r m e d  t h e
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F ig u r e  4 . 7  R e s t r i c t i o n  a n a l y s i s  o f  pSDCIOO. pSDCIOO 
plasmid DNA was cut  w i th  va r ious  r e s t r i c t i o n  enzymes and 
run on a 1 . 2 % agarose gel  (A) and on a 5% acry lamide  gel  
(B) .
A) Lane Sample B) Lane Sample
1 Lambda H i n d l l l 1 pSDCIOO EcoRV
2 pSDCIOO BamHI 2 pSDCIOO P s t I
3 pSDCIOO EcoRI 3 pSDCIOO S a i l
4 pSDCIOO BamHI EcoRI 4 pSDCIOO EcoRV P s t I
5 pSDCIOO H i n d l l l 5 pSDCIOO EcoRV S a i l
6 pSDCIOO Kpnl 6 pSDCIOO P s t I Sal I
7 pSDCIOO SphI
8 pSDCIOO EcoRV
9 pSDCIOO Pvu I I
10 pSDC100 P s t I
1 1 pSDCIOO S a i l
12 pSDCIOO P s t I  S a i l








































F igure  4 . 8  R e s t r i c t i o n  map o f  pSDCIOO The p o s i t io n s  o f  Tn5 
and pBR322 w i th in  pSDCIOO are  shown. The presence o f  a "<" 
between r e s t r i c t i o n  enzyme la b e ls  in d ic a te s  t h a t  th e  two 
enzymes c u t  a t  c l o s e l y  l i n k e d  s i t e s  (eg  EcoRV < EcoRI  
i n d i c a t e s  t h a t  t h e  EcoRV c u t - s i t e  i s  l o c a t e d  in  a 
c lockwise  d i r e c t io n  from the EcoRI c u t - s i t e ) .
e x i s t e n c e  o f  chromosomal BamHI, H i n d l l l  and Kpn l  s i t e s  
o u tw i th  pSDCIOO in  p o s i t io n s  c o n s i s t e n t  w i th  th e  Southern  
b l o t  d a ta  shown in  F ig  4 . 6  (See Fig 4 . 9 ) .
4 . 8  D e f in in g  th e  w i l d  ty pe  xerC  gene
The e n t i r e  i l v  -  metE -  udp reg ion  o f  th e  E . c o l i  
chromosome has been r e s t r i c t i o n  mapped and c l o n e d  i n t o  
m ult icopy  plasmids (A ld ea  e t  a7, 19 88 ) .  S. Kushner k in d ly  
s u p p l ied  us w i th  plasmids cover ing  th e  cya -  uvrD  r e g io n .  
Mary Burke t e s t e d  th e s e  p la s m id s  (pMAK101, pMAK102 and 
pVMK42) to  see i f  they  complemented th e  xe rC I  m u ta t io n .  
The p la sm id s  were t r a n s f o r m e d  i n t o  DS941 x e r C I  a l r e a d y  
c a r r y i n g  p C S 2 0 2 .  P l a s m i d  DNA was i s o l a t e d  f r o m  
t r a n s f o r m a n t s  and run on an a g a r o s e  g e l  t o  lo o k  f o r  
r e s o lu t i o n  o f  pCS202 to  pCS203. Only pMAK101 was found t o : 
complement x e rC 7. Th is  plasmid co n ta in s  th e  same 8 . 3  kbp 
EcoRI fragment found in  pSDCIOO w i t h o u t  a copy o f  Tn5 
d is r u p t in g  the  xerC  gene.
Two s u b -c lo n e s  were c o n s t r u c t e d  w h ic h  c o n t a i n e d  
f ra g m e n ts  from pMAK101 in  t h e  v e c t o r  pTZ18R. pSDC106,  
c a r r y in g  th e  1 .8  kbp S a i l  fragment ( w i t h  the  Tn5 i n s e r t i o n  
p o in t  lo ca ted  appro x im a te ly  in  the  c e n t r e ) ,  was found not  
to  complement x e r C I .  pSDC102, c a r r y in g  th e  3 .6  kbp H i n d l l l  
-  B g l I I  f ragm ent,  was found to  complement x e r C 7 ( F ig  4 . 9 ) .
In  o r d e r  t o  f u r t h e r  d e f i n e  t h e  x e r C  c o m p le m e n t in g  
region c a r r i e d  by pSDC102, i t  was decided to  c a r r y  o u t .  
exonuclease I I I  d e l e t i o n s .  Chromosomal sequences c a r r i e d  
by pSDC102 were d e le t e d ,  s t a r t i n g  from the  end f u r t h e s t  
f r o m  t h e  Tn5 i n s e r t i o n  p o i n t  ( t h e  H i n d l l l  e n d ) .  
Exonuclease I I I  d e l e t i o n  was c a r r i e d  ou t  by th e  method o f  
H e n ik o f f  (1 9 8 7 ) .  pSDC102 co nta ins  unique BamHI and S s t I  
s i t e s  in  the  p o l y l i n k e r ,  a d ja c e n t  t o  th e  H i n d l l l  end o f  
th e  i n s e r t  ( F i g  4 . 1 0 ) .  T r e a t m e n t  w i t h  S s t I  and BamHI 
produced one end ( S s t I )  w i t h  a p r o t r u d i n g  3 ’ OH w h ich  
blocked  e x o n u c le as e  I I I  d e g r a d a t i o n  o f  t h e  v e c t o r ,  and 
another  end (BamHI) w i th  a recessed 3 ’ OH which a l low ed  
exonuclease I I I  to  degrade the i n s e r t  p r o g r e s s iv e ly  on one 
strand  in  a 3 ’ t o  5 ’ d i r e c t i o n .  By ta k in g  samples and 
s to p p in g  th e  e x o n u c le a s e  I I I  r e a c t i o n  a t  v a r i o u s  t i m e
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Figure  4 .9  G enet ic  and phys ica l  map o f  th e  xerC reg ion  o f  
th e  JE;. col i chromosome. (A) Shows the  r e s t r i c t i o n  map o f  
50 kbp o f  the E_;_ col i chromosome and the  lo c a t i o n  o f  genes 
known to  map to  t h i s  region (Adapted from Kohara e t  a l  ,
1 987 and A l d e a  e t  aj_, 1 988 ) .  (B )  Shows an e n l a r g e d
r e s t r i c t i o n  map o f  the  8 .3  kbp EcoRI fragment in t o  which 
Tn5 in s e r te d  to  g ive  xerCI : : Tn5. Below t h i s  map i s  shown 
th e  e x t e n t  o f  chromosomal f r a g m e n t s  c a r r i e d  by v a r i o u s  
p l a s m i d s .  The XerC  p h e n o t y p e  o f  t h e s e  p l a s m i d s  was 
assessed by complementation o f  the  xerCI m uta t ion .
p o i n t s ,  p r o g r e s s i v e l y  l a r g e r  d e l e t i o n s  w ere  o b t a i n e d .  
S in g le  s tranded t a i l s  were removed by th e  a c t io n  o f  S1 
nuclease ,  which s p e c i f i c a l l y  degrades s i n g l e  s tranded DNA. 
B lun t  ends were then produced by th e  a c t io n  o f  th e  Klenow 
fragment o f  DNA polymerase I  in  th e  presence o f  a l l  fo u r  
deoxynuc leo t ide  t r ip h o s p h a te s .  DNA m olecules ,  c o n ta in in g  
d e l e t i o n s  i n t o  i n s e r t  sequences  b u t  n o t  i n t o  v e c t o r  
sequences,  were r e c i r c u l a r i s e d  by t h e  a c t i o n  o f  DNA 
l ig a s e  and t ransform ed in t o  DS941 x e r C I .
A f t e r  sc reen ing  a number o f  plasmids produced in  t h i s  
w ay ,  a s e r i e s  o f  pSDC102 d e l e t i o n  d e r i v a t i v e s  was 
o b ta in e d .  The d e l e t i o n  end p o in ts  o f  t h i s  s e r ie s  covered  
the  3 . 8  kbp H i n d l l l  to  B g l l l  f ragment in  i n t e r v a l s  o f  200-  
300 bp (F ig  4 . 1 0 ) .  DS941 xerC I  i s o l a t e s  c o n ta in in g  these  
plasmids were transform ed w i th  pCS202. Transformants were 
patched ou t ,  DNA was obta ined  by th e  s in g le  colony l y s i s  
t e c h n iq u e  and s e p a r a t e d  by e l e c t r o p h o r e s i s  on a 0 .85%  
agarose  gel ( F i g  4 . 1 1 ) .  C o m p le m e n ta t io n  o f  t h e  X e r "  
phenotype was assessed by the  complete disappearance o f  
pCS202 and an i n c r e a s e  i n  i n t e n s i t y  o f  t h e  band  
corresponding to  pCS203.
The s m a l l e s t  p lasm id  found  t o  com plem ent x e r C I , 
PSDC102 4 . 1  ( a l s o  c a l l e d  p S D C 1 0 4 ) ,  c o n t a i n e d  a 
chromosomal fragment t h a t  extended 1, 232 bp from th e  B g l I I  
s i t e  towards th e  H i n d l l l  s i t e .  The next  s m a l le s t  d e l e t i o n  
d e r i v a t i v e  o f  pSDC102, pSDC102 A  6 .2  ( pSDC12 3 ) ,  c o n ta i  ned 
a fragment 269 bp s m a l le r  than t h a t  in  pSDC104 and d id  
not complement x e r C I .
4 . 9  D iscussion
S i t e - s p e c i f i c  recombinat ion a t  c e r  m a in ta ins  ColE1 in  
a monomeric s t a t e ,  thus ensur ing i t s  s t a b le  in h e r i t a n c e .  
ColE1 c a r r i e s  no p r o t e in  coding sequences e s s e n t i a l  f o r  
t h i s  monomerising s i t e - s p e c i f i c  recombinat ion (Summers and 
S h e r r a t t ,  1 9 8 4 ) .  Previous work had led to  the  i s o l a t i o n  
o f  two E. c o l i  chromosomal genes ( pepA and argR ) which  
a r e  a b s o l u t e l y  r e q u i r e d  f o r  c e r  s i t e - s p e c i f i c  
r e c o m b in a t io n  ( S t i r l i n g  e t  a 7, 19 8 8 b ; S t i r 1 i ng  e t  a l ,
1989) .  Both o f  these genes have r o le s  in  E. c o l i  a p a r t
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i Exo III time course
i SI nuclease Klenow + dNTPs T4 ligase
B
PSDC102 1 1
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F i g u r e  4 . 1 0  Exonuclease I I I  d e l e t i o n s  o f  pSDC102. The
XerC+ plasmid pSDC102 was cu t  w i th  BamHI and S s t I  and then  
incubated w ith  exonuclease I I I .  B lunt  ends were produced  
by the  ac t io n s  of S1 nuclease and the  Klenow fragm ent o f  
DNA polymerase I .  DNA molecules were then c i r c u l a r i s e d  by 
T4 l ig a s e .  The d e le t i o n  d e r i v a t i v e s  o f  pSDC102 produced 
were then te s t e d  f o r  c o m p le m e n ta t io n  o f  xe rC  1 ( s e e  F i g  
4 . 1 1 ) .
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F igure  4.11 Complementation o f  x e rC I  w i t h  th e  d e l e t i o n  
d e r i v a t i v e s  o f  pSDC102. DS941 x e r C 1 i s o l a t e s  a l r e a d y  
c a r r y i n g  t h e  d e l e t i o n  d e r i v a t i v e s  o f  pSDC102 were  
transformed with the compatible re p o r te r  plasmid pCS202. 
Plasmid DNA was v i s u a l i s e d  on a 0.85% agarose  s i n g l e  
colony g e l .
from t h e i r  a c t io n  on cer:  argR c o n t r o l s  express ion  o f  the
a r g i n i n e  b io s y n th e s is  regulon ( rev iew ed  by G la n s d o r f f ,  
1987) and pepA encodes a p ept idase  which can l i b e r a t e  
amino a c id s  from small  pep t ides  which a re  e i t h e r  produced 
by p r o t e i n  d e g r a d a t i o n  o r  i m p o r t e d  f r o m  t h e  medium  
( rev iew ed  by M i l l e r ,  1987) .
T h i s  c h a p t e r  r e p o r t s  t h e  i s o l a t i o n  o f  a s t r a i n  
c a r r y in g  a m uta t ion  in  a new gene, x e rC , in v o lv ed  in  c e r  
s i t e - s p e c i f i c  recom bina t ion .  Th is  xerC  mutant s t r a i n  has 
s u b s t a n t i a l l y  r e d u c e d  l e v e l s  o f  s i t e - s p e c i f i c  
recombinat ion  a t  c e r .  The xerC  gene has been cloned and 
mapped, and i s  t o t a l l y  d i s t i n c t  from both pepA and argR.
The x e r C I  m u t a t i o n  does  n o t  c o m p l e t e l y  a b o l i s h  
recombinat ion  a t  c e r .  There are  two p o s s ib le  e x p la n a t io n s  
f o r  t h i s :  e i t h e r  th e  xerC  gene product is  not  a b s o lu t e ly  
r e q u i r e d  f o r  c e r  s i t e - s p e c i f i c  r e c o m b i n a t i o n  ( b u t  
s u b s t a n t i a l l y  increases  th e  r a te  o f  such reco m bina t ion )  or  
the  xerC  gene product is  e s s e n t ia l  f o r  recombinat ion  a t  
c e r  but th e  xerC 1 m utat ion  is  not a n u l l  a l l e l e .  R es u lts  
discussed in  th e  next  chapter  w i l l  show t h a t  th e  second 
o f  these p o s s i b i l i t i e s  i s  in  f a c t  t r u e  and t h a t  xerC  is  
a b s o l u t e l y  r e q u i r e d ,  a long  w i t h  pepA and a rg R ,  f o r  c e r  
s i t e - s p e c i f i c  recom binat ion .  There is  a ls o  some evidence  
t o  su gg es t  t h a t  x e rC  m igh t  have a c e l l u l a r  r o l e  in  E. 
co l  i .
The x e r C I  m u t a t i o n  s u b s t a n t i a l l y  r e d u c e s  
r e c o m b in a t io n  a t  t h e  ty p e  11 (C lo D F 1 3  p a r f i  ColE1 c e r )  
h y b r id ,  which does not re q u i re  e i t h e r  pepA or  argR  f o r  
r e c o m b in a t io n .  T h is  ty p e  I I  s i t e  i s  f u n c t i o n a l l y  much 
s m a l le r  than the  w i ld  type c e r  s i t e ,  r e q u i r i n g  a t  most 
50 bp around the  crossover  reg ion  (Summers, 1 9 8 9 ) .  Th is  
suggests t h a t  XerC ac ts  a t  or  near th e  crossover  s i t e  o f  
c e r ,  m a k in g  X erC  a c a n d i d a t e  f o r  b e i n g  t h e  c e r  
recombi nase .
The s trong  p o s s i b i l i t y  remains t h a t  y e t  more E. c o l i  
genes a re  re q u ire d  f o r  c e r  s i t e - s p e c i f i c  reco m bina t ion .  
The s t r a t e g y  descr ibed in  t h i s  ch ap te r  could be used to  
s e l e c t  f u r t h e r  x e r  mutants. In  f a c t  a f u r t h e r  12 p o s s ib le  
x e r  m utants  have a l r e a d y  been i s o l a t e d .  I t  w o u ld  be 
i n t e r e s t i n g  to  i n v e s t i g a t e  whether these  a l l  belong t o  the
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t h r e e  known x e r  c o m p le m e n ta t io n  g r o u p s .  How ever  any  
f u r t h e r  g e n e s  r e q u i r e d  f o r  c e r  s i t e - s p e c i f i c  
r e c o m b in a t io n ,  which a r e  a l s o  e s s e n t i a l  f o r  E. c o l i  
grow th ,  would be v e r y  d i f f i c u l t  t o  i d e n t i f y  by g e n e t i c  
approaches. The development o f  an in  v i t r o  recombinat ion  
system would be u se fu l  in  the  search f o r  f u r t h e r  E. c o l i  
f a c t o r s  in vo lv ed  in  c e r  s i t e - s p e c i f i c  recom b in a t ion .
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CHAPTER FIVE
THE NUCLEOTIDE SEQUENCE OF xerC
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5 .1  In t r o d u c t i  on
In  the  work descr ibed  in  ch ap te r  4 ,  a minimal xerC  
complementing f r a g m e n t  o f  a p p r o x i m a t e l y  1 . 2  kbp was 
i s o l a t e d .  The chromosomal lo c a t io n  o f  t h i s  f ragm ent  was 
a c c u ra te ly  d e f in e d  by r e s t r i c t i o n  a n a ly s is  t o  between the  
genes cya and uvrD in  th e  85 minute re g io n .  Another  gene 
t h a t  maps t o  t h i s  i n t e r v a l  i s  d a p F , e n c o d i n g  
d ia m in o p im e !a te  e p im e ra s e  (R ic h a u d  e t  a 7, 1 987 ) .  T h i s
enzyme c a ta ly s e s  th e  convers ion o f  L ,L -d ia m in o p im e la te  to  
th e  meso ( D , L - )  fo rm ,  meso-d i ami nop i me 1 a t e  i s  a d i r e c t  
precursor  o f  l y s in e  and is  a lso  an e s s e n t ia l  c e l l  w a l l  
component. The dapF  gene has been c lo n e d  and se q u e n c e d  
(Richaud e t  a 7, 1987; Richaud and P r i n t z ,  1 9 8 8 ) ,  and i t
was t h e r e f o r e  p o s s ib le  t o  lo c a te  i t  on th e  r e s t r i c t i o n  map 
o f  the  cya to  uvrD r e g io n .  The gene o rd e r  in  t h i s  reg ion  
was found to  be cya, dapF, xerC, uvrD (F ig  5 . 1 ) .  The uvrD 
gene has a ls o  been sequenced ( F i n c h  and Emerson,  1 9 8 3 ;  
1984; Easton and Kushner,  1 9 8 3 ) .  E x a m i n a t i o n  o f  t h e  
lo c a t io n  o f  these sequences on the  r e s t r i c t i o n  map o f  the  
xerC  region showed t h a t  th e r e  was an unsequenced re g io n  o f  
a p p r o x im a te ly  1 .8  kbp between dapF  and uv rD  ( F i g  5 . 1 ) .  
S i n c e  t h e  m i n i m a l  x e r C  c o m p l e m e n t i n g  f r a g m e n t  was 
c o n ta in e d  w i t h i n  t h i s  unsequenced r e g i o n ,  i t  became a 
p r i o r i t y  to  determine th e  n u c le o t id e  sequence spanning the  
gap between dapF and uvrD.
5 .2  Sequencing o f  th e  xerC  gene
The sequence o f  most o f  one s t ra nd  ( t h e  top s t r a n d )  
of  the  xerC  region was determined from the  exonuclease I I I  
d e le t i o n  d e r i v a t i v e s  o f  pSDC102 shown in  Tab le  5 . 1 a .  The 
production o f  these d e l e t i o n  d e r i v a t i v e s  was d e s cr ib e d  in  
S e c t io n  4 . 8  and is  r e p r e s e n t e d  d i  ag ram m at i  c a l  1 y i n  F i g  
4 . 1 0 .  The chromosomal f r a g m e n ts  f ro m  t h e s e  d e l e t i o n  
d e r i v a t i v e s  were cu t  out  as H i n d l l l  -  EcoRI f ragm ents  and 
cloned i n t o  M13mp19 a l s o  c u t  w i t h  H i n d l l l  and EcoRI  
(F ig  5 . 2 ) .  S in g le  s tranded templates  were prepared from 
these recombinant phage and sequenced using the  reagents  
from a Sequenase k i t .  O v e r la p s  be tw een t h e  s e q u e n c e  o f
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Y30 | Y13 Y17 | Y2
x e rC I xerC 2
::Tn5 ::Km
F ig u re  5.1 R e s t r i c t i o n  map o f  th e  xerC reg ion  o f  th e  E. 
c o l i  chromosome. The top o f  th e  f i g u r e  shows the e x t e n t  o f  
pu blished sequenced in  the  xerC reg io n .  The cya sequence 
has been  d e t e r m i n e d  by A i b a  e t  a_l ( 1 9 8 4 ) ,  t h e  dapF  
sequence has been determined by Richaud and P r i n t z  (1 988 )  
and the  sequence o f  uvrD has been determined by Easton and 
Kushner ( 1983)  and F inch  and Emerson ( 19 83 ;  1 9 8 4 ) .  The  
p o s i t i o n s  o f  th e  genes i d e n t i f i e d  in  t h i s  r e g i o n  a r e  
shown. The m olecu la r  weights were c a lc u la te d  from sequence 
d a ta .  The p o s i t io n s  o f  i n s e r t i o n  o f  Tn5 in  xerCI and o f  
t h e  Kmr c a s s e t t e  i n  x e r C 2  a r e  shown. The s i t e s  o f
i n s e r t io n  
i n d ic a te d
o f  Mu d l l  PR13 (Y30, Y13, Y17 and Y2) a re  a ls o
x e r C
Rl
H P P P Bg Bg
I i 1 1 ___________ j i _- |  | t
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R l .  . ------------------------------
Rl • • ------------
R l  . . .----------- --------
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• * H PSDC102
• • H A  10.2
• • H A  4.1
• • H A  6.2
• • H A  23.7
• • H A  18.1
• * H A  18.6




F igure  5 .2  S t r a te g y  used t o  de term ine  the  sequence o f  th e  
p lus  s t ran d  o f  xe rC . Exonuclease d e le t i o n  d e r i v a t i v e s  o f  
PSDC102, produced as shown in  Fig 4 .1 0 ,  were cloned i n t o  
M13mp19 and sequenced .
success ive  d e le t i o n s  were found by eye and compared using  
programs from th e  U n i v e r s i t y  o f  W is c o n s in  GCG s e q u e n c e  
a n a l y s i s  package r u n n in g  on t h e  G lasgow U n i v e r s i t y  VAX 
( V M S 3 ) .  The s e q u e n c e  was a s s e m b l e d  u s i n g  t h e  SEQED 
program, p rod uc ing  1 ,391  bp o f  c o n t i n u o u s  s e q u e n c e ,  
ex tend ing  from the  pSD102 10 .2  endpoint  a t  n u c le o t id e  
417 t o  th e  B g l l l  s i t e  a t  n u c le o t id e  1,807 (T a b le  5 . 1 a ) .  
( A l l  sequence c o o rd in a te s  quoted in  t h i s  c h ap te r  r e f e r  to  
the  numbering used in  F ig  5 . 5 )
I n  o r d e r  to  d e t e r m in e  th e  sequ enc e  o f  t h e  b o t to m  
stra nd  o f  the  xerC  reg io n  and s im u l tan eou s ly  t o  de term ine  
the  e x a c t  Tn5 i n s e r t i o n  p o in t  in  xe rC I  i t  was decided to  
clone an expected 2 .5  kbp H i n d l l l  -  B g l l l  f ragm ent  from  
pSDCIOO in to  M13mp19 ( F i g  5 . 3 ) .  However, r e s t r i c t i o n  o f  
pSDCIOO w ith  H i n d l l l  and B g l l l  d id  not y i e l d  th e  expected
2 .5  kbp fragment,  y i e l d i n g  in s tead  one fragment o f  1 .2  kbp 
and another  o f  1 .3  kbp. Th is  was due to  the presence o f  
an unexpected B g l l l  s i t e  in  pSDCIOO, lo ca te d  a t  o r  very  
near th e  r i g h t  hand end (as  drawn in  Fig 5 . 3 )  o f  Tn5. The 
sequences o f  both Tn5 ends a re  5 * AG 3 ’ . T h e r e f o r e ,  when 
Tn5 i n s e r t s  n e x t  t o  t h e  t e t r a  n u c l e o t i d e  s e q u e n c e  
5 * ATCT3*■ a B g l l l  s i t e  (AGATCT) i s  generated .  In  o r d e r  to  
conf i rm  t h a t  t h i s  is  how th e  e x t r a  B g l l l  s i t e  in  pSDCIOO 
was produced, the  1 .2  kbp H i n d l l l  -  B g l l l  f ragm ent from  
pSDCIOO was c lone d  i n t o  M13mp19 c u t  w i t h  BamHI and 
H i n d l l l ,  to  c r e a te  mSD12 (F ig  5 . 3 ) .  S in g le  s t ra nded  DNA 
produced from mSD12 was sequenced and was found t o  c o n ta in  
a B g l l l  s i t e  next  to  a Tn5 end e x a c t ly  as expected .
In  order  to  de term ine  the  ex a c t  lo c a t io n  o f  th e  e x t r a  
B g l l l  s i t e  in  pSDCIOO and, by i m p l i c a t i o n ,  th e  e x a c t  s i t e  
o f  in s e r t i o n  o f  Tn5 in  x e r C I , th e  1 ,273 bp B g l l l  f ragm ent  
from pSDCIOO was sequenced from the l e f t  hand end. The 
1,273 bp B g l l l  f ragment was f i r s t  l i g a t e d  i n t o  pTZ19R in  
th e  BamHI s i t e  to  c r e a t e  pSDC103. The i n s e r t  from t h i s  
plasmid was l i g a t e d  i n t o  M13mp19 as an EcoRI -  H i n d l l l  
f r a g m e n t ,  t o  c r e a t e  mSD14 ( F i g  5 . 3 ) .  S i n g l e  s t r a n d e d  
t e m p l a t e  was p re p a re d  from mSD14 and s e q u e n c e d .  T h i s  
r e v e a le d  t h a t  th e  B g l l l  s i t e  had been c r e a t e d  by Tn5 
i n s e r t i o n  next to  th e  sequence ATCT lo ca ted  a t  n u c le o t id e  
532 (F ig  5 . 5 ) .  The Tn5 i n s e r t i o n  p o in t  in  x e rC I  was t h u s .
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T ab le  5 .1  D e r iv a t io n  o f  th e  xerC sequence
A) PI us s trand
Clone Sequence c o -o r d in a t e s  G e l ( s )
mAS1 69 - 326 n /a
mMB19. 3 390 - 432 n /a
del t a 10.2 417 - 680 5 & 7
d e l t a 4.1 576 - 878 6 & 7
d e l t a 6 .2 846 - 1 141 6 & 7
d e l t a 23 .7 1 1 0 8 - 1308 9 & 10
d e l t a 18.1 1161 - 1461 6 & 7
d e l t a 18.6 1440 - 1631 9 & 10
d e l t a 2 1 .4 1582 - 1807 8 & 12
mSD15 1804 - 2120 20
Gaps in  plus s t ra n d  327 - 390 and 2120 -  2197.
B) minus strand
Clone Sequence c o -o r d in a te s G e l ( s )
mSD1 6 2197 - 1911 20 & 21
mMB9 1986 - 1791 n /a
mSD1 9 ( Y2) 1873 - 1792 23
mSD13 1807 - 1515 11 & 13
mSD1 3 del t a 5a 1434 - 1355 14
mSD1 3 d e l t a 2e 1413 - 1285 16
mSD1 3 del t a 2a 1382 - 1116 14 & 1 5
mSD13 del t a 3b 1 186 - 996 14 & 15
mSD18 (Y17) 1058 - 944 23
mSD1 3 del t a 4b 975 - 748 14 & 1 5
mSD1 3 del t a 5a 775 - 678 14 & 15
mSD1 7 (Y13) 741 - 658 23
mSD1 3 del t a 7b 688 - 532 14 & 15
mMB19. 2 595 - 429 n /a
mMB19. 3 393 - 321 n /a
mAS2 326 - 116 n /a
Gaps in minus s t ra nd  69 -  116, 393 -  429 and 1434 -  1515.
x e r C
H  P  P  P  B g  B g
I ' i  "  i  ' i '
S  S  P v
I I  Tnf  i r r l l  t S ° c lC 0
H  B g  B g  B g





4-------1 mSD13 A 5 a
4 j mSD13 A 2 e
4 l mSD13 Z^2a
4 1 mSD13 A  3b
4-----1 mSD13 A 4b
4—\ mSD13 A 5 a
4H mSD13 A  7b
Figure  5 .3  S t ra te g y  used t o  determine th e  sequence o f  the  
m in u s  s t r a n d  o f  x e r C  and a l s o  t o  d e t e r m i n e  t h e  Tn5  
i n s e r t i o n  s i t e  in x e r C I . The fragments shown were cloned  
from pSDCIOO in to  M13mp18 and M13mp19 to  produce mSD12, 
mSD13 and mSD14. The arrow heads in d i c a t e  the  d i r e c t i o n  in  
which th e se  f rag m e n ts  were s e q u e n c e d .  The 389 bp B g l l l  
fragment from pVMK42 was cloned in to  m13mp19 to  produce  
mSD15 and mSD16. Exonuclease I I I  was used as descr ibed  in  
th e  t e x t  to  o b t a i n  th e  d e l e t i o n  d e r i v a t i v e s  o f  mSD13 
shown.
a c c u r a t e ly  lo c a te d .
The i n s e r t  from pSDC103 was then cloned i n t o  M13mp18 
to  c r e a t e  mSD13 ( F ig  5 . 3 ) .  Double s tranded (RF form ) DNA 
was made from mSD13 and c u t  w i th  the  r e s t r i c t i o n  enzymes 
Xbal and P s t I .  A s e t  o f  nested d e le t i o n s  was then made 
using exonuclease I I I  as p r e v io u s ly  descr ibed  ( F ig  5 . 3 ) .  
S e q u e n c e  was o b t a i n e d  f r o m  mSD13 and t h e  d e l e t i o n  
d e r i v a t i v e s  o f  mSD13 shown in  t a b l e  5 .1 b ,  g iv in g  th e  bu lk  
o f  th e  sequence o f  th e  bottom strand  between th e  B g l l l  
s i t e  and th e  Tn5 i n s e r t i o n  p o in t .
The 389 bp B g l l l  f ragment from pVMK42 was cloned i n t o  
M13mp19 in  both o r i e n t a t i o n s  to  g ive  mSD15 and mSD16 (F ig  
5 . 3 ) .  Sequence from  th e s e  two c l o n e s ,  t o g e t h e r  w i t h  
sequence d e te rm in e d  by Mary Burke  ( s e e  T a b l e  5 . 1 b ) ,  
completed th e  sequence between n u c le o t id e s  1807 and 2197.  
Finch and Emerson (1983 & 1984) and Easton and Kushner
( 1983)  r e p o r t e d  t h e  uvrD  s e q u e n c e ,  s t a r t i n g  f r o m  t h e  
P v u I I  s i t e  a t  2017. There are  no d i f f e r e n c e s  between the  
p u b l is h e d  uvrD  sequences ( F i n c h  and Emerson 1 9 8 3 ; 1 9 8 4 ;  
Easton and Kushner,  1983)  and t h a t  d e t e r m i n e d  i n  t h i s  
work, w i t h i n  th e  181 bp reg ion o f  o v e r la p .
The remaining sequence was determined as summarised 
i n  T a b l e  5 . 1  w i t h  t h e  h e l p  o f  M a ry  B u r k e ,  A l i s d a i r  
S u t c l i f f e  and R ichard McCulloch. The sequence from the  
P s t I  s i t e  a t  n u c le o t id e  61 to  th e  pSDC102 A  10 .2  e n d p o in t  
a t  n u c le o t id e  417 was determined on a t  l e a s t  one s t ra n d  
f rom mAS1 , mAS2, mMB19.2 and mMB19.3. The 252 bp P s t I  
fragment from pSDC102 was cloned in  both o r i e n t a t i o n s  i n t o  
M13mp18 by A l i s d a i r  S u t c l i f f e  to  produce mAS1 and mAS2. 
Mary Burke cloned th e  68 bp fragment ex tending r ig h tw a rd  
from th e  P s t I  s i t e  to  th e  n e a re s t  Sau3A s i t e ,  a long w i th  
o t h e r  random Sau3A f r a g m e n t s ,  i n t o  M13mp19 t o  p r o d u c e  
mMB19.2 and mMB19.3. Sequence f ro m  t h e s e  c l o n e s  was 
a s s e m b l e d  t o g e t h e r  by c o m p a r i n g  i t  t o  t h e  s e q u e n c e  
determined by C a th e r in e  Richaud. The sequence as f a r  as 
n u c le o t id e  206 is  pub l ished  (Richaud and P r i n t z ,  1988) and 
th e  sequence from 207 t o  741 was com m unica ted  by C. 
Richaud. As shown in  Fig 5 .4  th e r e  are  se vera l  d i f f e r e n c e s  
between our sequence and the  sequence o f  Richaud. These 
in c o n s is te n c ie s  were checked as c a r e f u l l y  as p o s s ib le  and
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50
Richaud TATATGACTG GCCCGGCGGT ACATGTCTAC GACGGATTTA TTCATCTATG 
Y M T G P A V H V Y D G F I H L *
dapF
PstI 100
Richaud AAGCAACCAG GGGAAGAACT GCAGGAAACA CTCACGGAGC TTGATGACCG
This work CT GCAGGAAACA CTCACGGAGC TTGATGACCG
150
Richaud GGCGGTTGTC GATTATCTGA TTAAAAATCC TGAGTTTTTT ATCCGTAATG 
This work GGCGGTTGTC GATTATCTGA TTAAAAATCC TGAGTTTTTT ATCCGTAATG
* * 198
Richaud CGCGCGCAGT AGAAGCGATA CGTGTTGCCC GCATCCGGTA CGCGGCACCG 
This work CGCGCGCAGT AGAAGCGATA CGTGT.GCC. GCATCCGGTA CGCGGCACCG
^published 248
Richaud TTTCGTTGGT CGAGTGGCAC ATGGCCCGCG CACGTAATCA TATTCATGTT 
This work TTTCGTTGGT CGAGTGGCAC ATGGCCCGCG CACGTAATCA TATTCATGTT
* (stop) 298
Richaud CTCGAAGAGA ACATGGCGCT GTTGATGGAA CAGGCTATCG CCAACGAAGG 
This work CTGGAAGAGA ACATGGCGCT GTTGATGGAA CAGGCTATCG CCAACGAAGG
PstI * 348
Richaud CCTGTTTTAT CGCCTACTCT ACCTGCAGCG CATTCTCACC GCCGCCAGCA 
This work CCTGTTTTAT CGCCTACTCT ACCTGCAGCG CAGTCTCACC GCCGCCAGCA
♦ *398
Richaud GTCTCGACGA TAT.CTGATG CGCTTTCACC GCTGGGCGCG CGATCT.GGC 
This work GTCTCGACGA TATGCTGATG CGCTTTCACC GCTGGGCGCG CGATCTCGGC
448
Richaud CTGGCAGGTG CGAGTCTGCG CCTGTTTCCG GATCGCTGGC GCTTAGGTGC 
This work CTGGCAGGTG CGAGTCTGCG CCTGTTTCCG GATCGCTGGC GCTTAGGTGC
#  498 
Richaud GC.GTCGAAC CACACTCATC TGGCATTAAG CCGTCAGTCT TTCGAACCGC 
This work GCCGTCGAAC CACACTCATC TGGCATTAAG CCGTCAGTCT TTCGAACCGC
548
Richaud TGCGTATTCA GCGTTTGGGG CAGGAACAGC ACTATCTTGG GCCGCTTAAC 
This work TGCGTATTCA GCGTTTGGGG CAGGAACAGC ACTATCTTGG GCCGCTTAAC
598
Richaud GGACCAGAGC TGCTGGTGGT GCTACCGGAA GCGAAAGCGG TGGGATCGGT 
This work GGACCAGAGC TGCTGGTGGT GCTACCGGAA GCGAAAGCGG TGGGATCGGT
648
Richaud GGCGATGTCG ATGCTGGGAA GCGATGCTGA TTTGGGTGTC GTGCTGTTTA
This work GGCGATGTCG ATGCTGGGAA GCGATGCTGA TTTGGGTGTC GTGCTGTTTA
698
Richaud CCAGTCGCGA TGCCAGTCAC TATCAACAAG GGCAAGGAAC GCAGTTACTT
This work CCAGTCGCGA TGCCAGTCAC TATCAACAAG GGCAAGGAAC GCAGTTACTT
748
Richaud CATGAAATTG CGCTGATGTT GCCGGAGCTT CTGGAGCGTT GGA
This work CATGAAATTG CGCTGATGTT GCCGGAGCTT CTGGAGCGTT GGATTGAACG
xerC 798
This work . CGTATGACCG ATTTACACAC CGATGTAGAA CGCTACCTAC GTTATCTGAG 
M T D L H T  D V E  R Y L R  Y L  S
Figure  5 .4  Comparison between th e  sequence determined by 
Richaud and P r i n t z  and th e  se quence  d e t e r m i n e d  i n  t h i s  
work. The sew\ d i f f e r e n c e s  between th e  sequence determined  
by Richaud and P r i n t z  (1988 and personal communications)  
and the  sequence determined in  our lab  are in d ic a te d  w i th  
a s t e r i s k s  ( * ) .  The a l i g n m e n t  i s  numbered t h r o u g h o u t  
a c c o rd in g  t o  th e  sequence d e t e r m i n e d  in  t h i s  w o rk .  The 
sequence as f a r  as n u c le o t id e  206 is  publ ished by Richaud  
and P r i n t z  (1 9 8 8 ) .  The i n f e r r e d  p r o t e in  sequences o f  the  
C-terminus o f  DapF and the  N-te rm inus o f  XerC are  shown. 
The s t a r t  (n u c le o t id e  48)  and stop (n u c l e o t id e  753) codons 
o f  o r f 235 are  shown. Note t h a t  the  two s in g le  b a s e - p a i r  
i n s e r t io n s  a t  n u c le o t id e s  175 and 178 in  th e  sequence o f  
Richaud and P r i n t z  in tro du ce  a stop codon i n t o  th e  o r f 235 
reading frame a t  n u c le o t id e  271.
I  am t h e r e f o r e  f a i r l y  c o n f i d e n t  t h a t  t h e  s e q u e n c e  
determined in  t h i s  work is  c o r r e c t .  The complete sequence 
o f  the  xerC  r e g io n ,  ex tend ing  from th e  3* end o f  dapF to  
the  5* end o f  uvrD i s  shown in  F ig  5 . 5 .
A l l  g e ls  were read  on a t  l e a s t  two o c c a s i o n s  and 
e n t e r e d  d i  r e c t l y  i n t o  t h e  c o m p u t e r  u s i n g  t h e  SEQED 
programme. Readings from ge ls  were then compared t o  the  
sequence d e te rm in e d  from  t h e  o t h e r  s t r a n d  u s i n g  t h e  
REVERSE and GAP programmes. C o n f l i c t s  between read ings  o f  
the  two s t rands  were reso lved  by r e f e r r i n g  back t o  a l l  
ge ls  cover ing  the  reg io n  o f  i n t e r e s t .  The sequence shown 
in  F ig  5 .5  was double checked by a f i n a l  p r o o f - r e a d in g  o f  
a l l  au torad iographs  j u s t  p r i o r  to  w r i t i n g  t h i s  t h e s i s .
5 .3  A n a ly s is  o f  th e  xerC  sequence
The xerC1 m uta t ion  is  complemented by the  1 ,2 32  bp 
chromosomal fragment conta ined  w i t h in  pSDC104, but no t  by 
th e  s h o r t e r  f r a g m e n t  c o n t a in e d  w i t h i n  pSDC123, w h ic h  
extends 962 bp t o  th e  l e f t  o f  th e  B g l l l  s i t e  a t  n u c le o t id e  
1,807 (see Fig 5 . 5 ) .  Plasmids t h a t  co n ta in  i n s e r t s  which 
s t a r t  a t  the  S a i l  s i t e  w i t h i n  the  minimal complementing  
fragment and extend e i t h e r  to  the  l e f t  o r  t o  th e  r i g h t  
from t h i s  s i t e  (pSDC106 and pVPlK*+/2, see F ig  4 . 9 )  do not  
complement x erC 1 .  T h e r e f o r e ,  i t  seemed l i k e l y  t h a t  t h e  
xerC  reading frame would be w holly  conta ined  w i t h i n  th e  
1 ,232 bp chromosomal f r a g m e n t  c a r r i e d  by pSDC104, b u t  
would be d is ru p te d  by th e  d e le t i o n  o f  a f u r t h e r  270 bp. 
The c om plem enta t ion  d a t a  a l s o  s u g g e s te d  t h a t  t h e  x e r C  
reading frame would span th e  S a i l  s i t e  in  pSDC104.
The DNA sequence o f  th e  xerC reg ion was searched f o r  
p r o t e in  coding sequences using the CODONPREFERENCE program 
(F ig  5 .6  A and B).  Th is  program in d ic a te s  any open read ing  
frame beginning w i th  an AUG s t a r t  codon. I t  a ls o  p l o t s  the  
occurrence o f  r a re  codons ( those  t h a t  occur a t  le s s  than  
5*  o f  the frequency o f  synonymous codons) in  a l l  th r e e  
reading frames. Above t h i s  is  p l o t t e d  a codon p re fe re n c e  
s t a t i s t i c ,  c a lc u la te d  over  a window o f  25 codons (G r ib sko v  
e t  a 7, 1 9 8 4 ) .  E . c o T i  uses synonymous codons on a n o n -  
random b a s is ,  which c o r r e l a t e s  t o  t h e  ab undance  o f  t h e
72
dapF . . . . orf235
1 TATATGACTGGCCCGGCGGTACATGTCTACGACGGATTTATTCATCTATGAAGCAACCAG 60 
Y M  T G P A V  H V Y D G  F I  H L *
M K Q P G
PstI . . . .
61 GGGAAGAACTGCAGGAAACACTCACGGAGCTTGATGACCGGGCGGTTGTCGATTATCTGA 120 
E E L Q E T L T E L D D R A V V D Y L I
• i • • ♦ »
121 TTAAAAATCCTGAGTTTTTTATCCGTAATGCGCGCGCAGTAGAAGCGATACGTGTGCCGC 180 
K N P  E F F I R N A  R A  V E A I R V P H
* » • • t  i
181 ATCCGGTACGCGGCACCGTTTCGTTGGTCGAGTGGCACATGGCCCGCGCACGTAATCATA 240 
P V R G T V  S L V  E W H  M A R A  R N H I
• * • ♦ • ♦
241 TTCATGTTCTGGAAGAGAACATGGCGCTGTTGATGGAACAGGCTATCGCCAACGAAGGCC 300 
H V L E E N M A L L  M E Q A I  A N E G L
.PstI . . . .
301 TGTTTTATCGCCTACTCTACCTGCAGCGCAGTCTCACCGCCGCCAGCAGTCTCGACGATA 360 
F Y R L L Y L Q R S L T A A S S L D D M
361 TGCTGATGCGCTTTCACCGCTGGGCGCGCGATCTCGGCCTGGCAGGTGCGAGTCTGCGCC 420 
L M R F H R W A R D L G L A  G A S L R L
• i • • • »
421 TGTTTCCGGATCGCTGGCGCTTAGGTGCGCCGTCGAACCACACTCATCTGGCATTAAGCC 480 
F P D  R W R L G A P S N H T H  L A L S R
.  • .  .  .  yTn5 •
481 GTCAGTCTTTCGAACCGCTGCGTATTCAGCGTTTGGGGCAGGAACAGCACTATCTTGGGC 540 
Q S F E P  L R  I  Q R L G Q E Q H Y L  G P
. . . j-pSDC104 . •
541 CGCTTAACGGACCAGAGCTGCTGGTGGTGCTACCGGAAGCGAAAGCGGTGGGATCGGTGG 600 
L N G P E L L V V L P E A R A V G S V A
601 CGATGTCGATGCTGGGAAGCGATGCTGATTTGGGTGTCGTGCTGTTTACCAGTCGCGATG 660 
M S M  L G S D A D L G V V L F T  S R D  A
* ♦ • • • ♦
661 CCAGTCACTATCAACAAGGGCAAGGAACGCAGTTACTTCATGAAATTGCGCTGATGTTGC 720 
S H Y Q Q G  Q G T Q L L H E I  A L M L P
. y  Y13 • xerC .
721 CGGAGCTTCTGGAGCGTTGGATTGAACGCGTATGACCGATTTACACACCGATGTAGAACG 780 
E L L E R W I E R V *
M T D L H  T D V E R
781 CTACCTACGTTATCTGAGCGTGGAGCGCCAGCTTAGCCCGATAACCCTGCTTAACTACCA 840 
Y L R  Y L S V  E R Q  L S P  I T L L N Y Q
j—pSDC123 • » • * •
841 GCGTCAGCTTGAGGCGATCATCAATTTTGCCAGCGAAAACGGCCTGCAAAGCTGGCAGCA 900 
R Q L E A I I N F A S E N G L Q S W Q Q
901 ATGTGATGTGACGATGGTGCGCAATTTTGCTGTACGCAGTCGCCGTAAAGGGCTGGGAGC 960 
C D V T M V R N F A V R S R R K G L G A
961 AGCAAGTCTGGCGTTACGGCTTTCTGCGCTACGTAGCTTTTTTGACTGGCTGGTCAGCCA 1020 
A S  L A L R  L S A L R S F F D W  L V S Q
. . . _Y17 . .
1021 GAACGAACTCAAAGCTAACCCGGCGAAAGGTGTTTCGGCACCGAAAGCGCCGCGTCATCT 1080 
N E L K A  N P A  K G  V S A P K A  P R  H L
• Sail • • • • <
1081 GCCGAAAAACATCGACGTCGACGATATGAATCGGCTGCTGGATATTGATATCAATGATCC 1140 
P K N I D V D D M N R L L D I D  I N D P
1141 CCTCGCTGTACGCGACCGTGCAATGCTGGAAGTGATGTACGGCGCGGGTCTGCGTCTTTC 1200 
L A V R D R A M L E V M Y  G A G L R L  S
1201 TGAGCTGGTGGGGCTGGATATTAAACACCTCGACCTGGAGTCTGGTGAAGTGTGGGTTAT 1260 
E L V G L D I K H L D L E S G E V  W V M
1261 GGGGAAAGGCAGCAAAGAGCGCCGCCTGCCGATTGGTCGCAACGCTGTGGCGTGGATTGA 1320 
G K G S  K E R  R L P I  G R  N A  V A W I  E
1321 GCACTGGCTTGATTTGCGCGACCTGTTTGGTAGCGAAGACGACGCGCTTTTTCTGTCGAA 1380
h w l d l r d l f g s e d d a l f l . s k -.
1381 ACTGGGCAAGCGTATCTCCGCGCGTAATGTGCAGAAACGCTTTGCCGAATGGGGCATAAA 1440 
L G  K R I S A R N V Q K R F  A E  W G I K
1441 ACAAGGGCTGAATAATCACGTTCATCCGCATAAATTACGTCACTCGTTCGCCACGCATAT 1500 
Q G L N N H V  H P  H K  L R H S F A  T H M
1501 GCTGGAGTCGAGCGGCGATCTTCGTGGTGTGCAGGAGCTGCTGGGTCATGCCAACCTCTC 1560 
L E S S G D L R G V Q E L L G H  A N L S
1561 CACCACGCAAATCTATACTCATCTTGATTTTCAACACCTTGCCTCGGTGTACGATGCGGC 1620 
T T Q I Y T H L D F Q H L A S V Y  D A A
orf238 .
1621 GCATCCACGCGCCAAACGGGGGAAATAATGCGTTTTTACCGGCCTTTGGGGCGCATCTCG 1680 
H P R A  K R G K *
M R F Y R P L G R I S
• •  •  •  •
1681 GCGCTCACCTTTGACCTGGATGATACCCTTTACGATAACCGTCCGGTGATTTTGCGCACC 1740 
A L T F D L D D T L Y D N R P V I L R T
1741 GAGCGAGAGGCGCTTACCTTTGTGCAAAATTATCATCCGGCGCTGCGCAGCTTCCAGAAT 1800 
E R E A L T F V Q N Y H P A L  R S F Q N
Bglll . . . . .
1801 GAAGATCTGCAACGCCTGCGCCAGGCGGTACGGGAAGCGGAACCCGAGATTTATCACGAC 1860 
E D L Q R  L R Q A V R E A  E P E I Y H D
• wY2 i  • • •  •
1861 GTGACGCGCTGGCGTTTTCGTTCGATTGAACAAGCGATGCTCGACGCCGGGCTGAGTGCC 1920
V T R W R F R S I E Q A M L D A G L S A
1921 GAAGAAGCCAGTGCAGGCGCACACGCAGCAATGATCAACTTTGCCAAATGGCGCAGCCGA 1980 
E E A S A G A H A A M I N F A K W R S R
. PvuII
1981 ATCGACGTCCCGCAGCAAACTCACGACACCTTAAAACAGCTGGCGAAGAAATGGCCGCTG 2040 
I D V P Q Q T H D T L K Q L A K K W P L
•  •  *  •  •  •  ■
2041 GTGGCGATCACCAACGGTAACGCCCAGCCGGAGCTGTTTGGTTTGGGGGATTATTTTGAG 2100
V A I T N G N A Q P E L F G L G D Y F E
» •  » •  *  *
2101 TTTGTGCTGCGCGCTGGCCCGCACGGGCGCTCAAAACCGTTCAGCGATATGTACTTTTTG 2160 
F V L R A G  P H G R S K P F S D M Y F L
. . . Bglll . . .
2161 GCTGCGGAAAAAGTCAACGTGCCGATCGGCGAGATCTTACATGTTGGGGACGATCTCACC 2220 
A A E K L N V P I G E I L H V G D D L T
•  ’• ■ •  *  • •  •
2221 ACTGACGTGGGTGGGGCAATTCGCACCGGAATGCAGGCTTGTTGGATCAGACCGGAAAAT 2280 
T D V G G A I R T G M Q A C W I R P E N
2281 GGCGATCTGATGCAAACCTGGGACAGCCGTTTACTGCCGCATCTGGAAATTTCCCGGTTG 2340 
G D L M Q T W D S  R L L P H L E I S R L
-35 .PI .-10 . LexA .
2341 GCATCTCTGACCTCGCTGATATAATCAGCAAATCTGTATATATACCCAGCTTTTTGGCGG 2400 
A S L T S L I *
-35 P2. -10 . uvrD
2401 AGGGCGTTGCGCTTCTCCGCCCAACCTATTTTTACGCGGCGGTGCCAATGGACGTTTCTT 2460
M D V S Y
F ig u re  5 .5  DNA sequence o f  th e  dapF t o  uvrD reg ion  o f  the  
E. c o l i  chromosome. The sequence presented here j o i n s  the  
p r e v i o u s l y  p u b l is h e d  sequences  o f  dapF ( R ic h a u d  and 
P r i n t z ,  1988) and uvrD (Easton and Kushner, 1983; Finch  
and Emerson, 1983; 1984 ) .  The i n f e r r e d  p r o t e in  sequences
o f  O r f 235, XerC and O r f 238 a re  shown as are  those o f  the  
C - t e r m i n u s  o f  DapF and t h e  N - t e r m i n u s  o f  U v r D .  The  
p o s i t io n s  o f  the  in - f ra m e  mini-Mu in s e r t i o n s  (Y13, Y17 and 
Y 2 ) ,  as d e te rm in e d  by DNA s e q u e n c in g  a r e  shown. The 
p o s i t io n  o f  the  Tn5 in s e r t i o n  in  xerC1 is  in d ic a t e d  as is  
the  S a i l  s i t e  a t  which th e  Kmr c a s s e t te  was in s e r te d  to  
produce the  xerC2 m uta t ion .  The conserved domains 1 and 2 
found in  t h e  lambda i n t e g r a s e  fa m i  1y o f  s i t e - s p e c i f i c  
recombinases are  u n d e r l in e d  w i t h i n  XerC. The XerC+ plasmid  
PSDC104 c a r r i e s  the  fragment from th e  p o s i t io n  marked a t  
n u c l e o t i d e  576 t o  th e  B g l l l  s i t e  a t  1 8 0 7 .  The XerC"  
p lasm id  pSDC123 c a r r i e s  th e  f r a g m e n t  f ro m  t h e  p o s i t i o n  
marked a t  ’ n u c le o t i  de 845 to  th e  B g l l l  s i t e  a t  1807. Two 
p o t e n t i a l  prom oters  f o r  uvrD (P1 and P 2 ) and a LexA 
bind ing  s i t e  (Easton and Kushner, 1983; Finch and Emerson, 
1984) a re  shown. N u c l e o t i d e  1 i s  e n u m e ra te d  1101 in  
Richaud and P r i n t z  (1988 )  and in  Colloms e t  aj. ( 1 9 9 0 ) .  The 
sequence from th e  P v u I I  s i t e  a t  2017 i s  p r e s e n t e d  in  
Finch and Emerson (1 9 8 3 ) .  N u c le o t id e  2192 i s  enumerated 1 
in  Finch and Emerson ( 1 9 8 4 ) .
co gn ate  tRNAs in  E. c o l i  ( I k e m u r a ,  1 9 8 2 ) .  The codon 
p r e f e r e n c e  s t a t i s t i c  i s  c a l c u l a t e d  u s in g  a codon usage  
t a b l e  generated from known E . c o l i  coding sequences. In  
p r a c t i c e  i t  i s  found t h a t  h ig h ly  expressed t o  moderate ly  
expressed E. c o l i  genes have a codon p re fe re n c e  s t a t i s t i c  
o f  between 1 .0  and 2 . 0 ,  and poor ly  expressed E . c o l i  genes 
sc ore  from 0 . 5  t o  1 . 0 .  Random s e que nce  i s  e x p e c t e d  t o  
s c o r e  a b o u t  0 . 4 5  ( t h o u g h  t h i s  v a r i e s  w i t h  base  
c o m p o s i t io n ) ,  and in  p r a c t i c e  most non-coding sequences do 
score about t h i s  l e v e l .
Examination o f  F ig  5 .6  r e v e a ls  t h a t  t h e r e  a re  th re e  
open reading frames which span th e  S a i l  s i t e  in  pSDC104. 
One o f  these is  encoded by the  top s t ra n d  in  frame 1, the  
o th e r  two a re  encoded by the  bottom s t ra n d  in  frames 5 and 
6. A l l  th re e  o f  these  reading frames a re  w h o l ly  conta ined  
w i t h i n  th e  1 ,2 3 2  bp minimal c o m p le m e n t in g  f r a g m e n t .  
However, o n ly  th e  one in  f ra m e  1 i s  d i s r u p t e d  by t h e  
d e l e t i o n  c a r r i e d  in  pSDC123. The open r e a d i n g  f r a m e  in  
frame 1 has a p a u c i t y  o f  r a r e  codons and has a codon  
p r e f e r e n c e  s t a t i s t i c  w e l l  above t h a t  e x p e c t e d  f o r  non­
coding sequence. I t  i s  a lso  in  th e  c o r r e c t  o r i e n t a t i o n  to  
be t r a n s c r ib e d  from th e  pTZ18R lac  promoter in  pSDC104 and 
in  a l l  o f  th e  o t h e r  pSDC102 d e l e t i o n  d e r i v a t i v e s .  The 
o t h e r  two open r e a d in g  f ram es  have a much lo w e r  codon  
pre fe ren c e  s t a t i s t i c  and are  probably  not genuine p r o t e in  
coding sequences. Taken to g e t h e r ,  the complementation data  
and th e  codon p re fe re n c e  data  s t r o n g ly  suggest t h a t  the  
reading frame encoded by frame 2 corresponds to  th e  xerC  
gene. This open read ing frame could encode a p r o t e i n  o f  
298 amino a c id s  w i t h  a c a l c u l a t e d  m o l e c u l a r  w e i g h t  o f  
3 3 ,8 0 0 .
5 . 4  A n a ly s is  o f  th e  x e rC 1 Tn5 i n s e r t i o n
The s i t e  o f  Tn5 i n s e r t i o n  in  t h e  x e rC 1  a l l e l e ,  
determined by DNA sequencing, l i e s  o u ts id e  the  minimal
complementing fragment and 5* o f  the  xerC  open read ing  
frame (see Fig 5 . 5 ) .  I n s e r t io n s  o f  Tn5 are  known t o  e x e r t  
p o la r  e f f e c t s  in  most cases (Berg and Berg, 1 9 83 ) .  The 
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c o u l d  t h e r e f o r e  be e x p l a i n e d  by a r e d u c t i o n  i n  
t r a n s c r i p t i o n  o f  xerC  brought about by the  p o la r  upstream  
i n s e r t i o n .
5 .5  O ther  open read ing  frames in  th e  xerC  re g io n .
Examination o f  the  sequence upstream o f  xerC re v e a ls  
an open r e a d in g  fram e ( o r f 2 3 5 ) w h ic h  c o u ld  encod e  a 
p r o t e in  o f  235 amino ac ids ( F ig  5 . 5 ) .  Downstream o f  xerC,  
between x e rC  and u v rD , t h e r e  i s  an open r e a d i n g  f r a m e  
( o r f 2 3 8 )  which could encode a p r o t e i n  o f  238 amino ac ids  
(F ig  5 . 5 ) .  Examination o f  Fig 5 .6  r e v e a ls  t h a t  both o f  
th e s e  r e a d in g  fram es  have a codon p r e f e r e n c e  s t a t i s t i c  
w el l  above t h a t  expected by chance, making i t  l i k e l y  t h a t  
they a re  in  f a c t  genuine p r o t e in  coding sequences.
The dapF, o r f 235, xerC  and o r f 238 open read ing frames  
are  a l l  in  ve ry  c lose  p r o x im i ty .  At both the  dapF -■ o r f2 3 5  
and t h e  o r f 2 3 5  -  x e r C  j u n c t i o n s ,  t h e  s e q u e n c e  ATGA 
prov ides  th e  stop codon o f  one read ing  frame and ( w i t h  a 
-1 f r a m e s h i f t )  the  s t a r t  codon o f  th e  n e x t .  At the  xerC  -  
o r f2 3 8  j u n c t i o n ,  the  sequence TAATG forms th e  xerC  s top  
codon and th e  o r f2 3 8  s t a r t  codon (a  +2 f r a m e s h i f t ) .  Th is  
arrangement leaves l i t t l e  room f o r  a xerC  promoter un less  
i t  l i e s  upstream o f  dapF o r  i s  conta ined  w i t h i n  the  
coding reg ions  o f  e i t h e r  o r f 235 o r  dapF. I t  i s  known t h a t  
dapF does have i t s  own promoter. I t s  t r a n s c r i p t i o n a l  s t a r t  
has been mapped to  a p o s i t io n  269 n u c le o t id e s  upstream o f  
the  dapF s t a r t  codon (Richaud and P r i n t z ,  1988) .  I t  seems 
l i k e l y  t h a t  a l l  f o u r  open r e a d i n g  f r a m e s  a r e  e x p r e s s e d  
from t h e  same prom oter  on one po 1 yc i s t r o n  i c mRNA . The 
c lo s e  p r o x i m i t y  o f  s u c c e s s iv e  s t o p  and s t a r t  codons  
suggests t h a t  some form o f  t r a n s l a t i o n a l  coup l ing  could  
occur.
5 .6  I n s e r t i o n  m utat ions in  dapF, o r f 235, xerC  and o r f 238
C a th e r in e  Richaud c a r r ie d  out  a m uta t ion  a n a ly s is  o f  
the  cloned dapF reg ion using Mu d l l  PR13 (F ig  5 . 7 ) .  Th is  
mini Mu produces t r a n s l a t i o n a l  fu s io n s  to  a copy o f  lacZ  
la c k in g  a t r a n s l a t i o n a l  s t a r t .  Plasmid pDF3, c o n ta in in g
74














F ig u r e  5 . 7  D e t e r m i n a t i o n  o f  t h e  s i t e s  o f  i n s e r t i o n  o f  
Mu d l l  PR13 in  th e  xerC r e g io n .  The top o f  th e  f i g u r e  
shows the  o r g a n is a t io n  o f  the  9 .2  kbp Mu d l l  PR13 e lem ent .  
The bottom o f  th e  f i g u r e s  shows a map o f  t h e  5 . 3  kbp 
re g io n  c o n t a in e d  w i t h i n  pDF3, w h ich  was s u b j e c t e d  t o  
m utagenes is  w i t h  Mu d l l  PR13 by R ic h a u d  e t  a l ( 1 987 ) .  
Below t h i s  a re  shown the  r e l e v a n t  se c t io n s  o f  th e  t h r e e  
pDF3::Mu d l l  PR13 d e r i v a t i v e s  f r o m  w h ich  t h e  H i n d l l l  -  
BamHI fragments  were cloned i n t o  M13mp19 f o r  sequencing..
the  H i n d l l l  -  BamHI f ragment which extends from th e  3 ’ end 
o f  cya to  th e  5* end o f  uvrD , was su b je c te d  to  i n s e r t i o n  
m u t a g e n e s i s  w i t h  Mu c / I I  P R 13 .  D e r i v a t i v e s  o f  pDF3 
c o n t a i n i n g  Mu d l l  PR13 7acZ t r a n s l a t i o n a l  f u s i o n s  were  
s e l e c t e d  as b lu e  c o l o n i e s  on medium c o n t a i n i n g  X - g a l  
(Richaud e t  a7, 1 9 87 ) .  M uta t ions  were then t r a n s f e r r e d  to  
t h e  chromosome by t r a n s f o r m a t i o n  o f  J C 7 6 2 3  w i t h  
l i n e a r i s e d  plasmid DNA. C a th e r in e  Richaud su p p l ie d  us w i th  
plasmids and s t r a i n s  c a r r y in g  f o u r  s e p a ra te  Mu d l l  PR13 
i n s e r t i o n s .  One o f  these (here  c a l l e d  Y30) was known to  
map w i t h i n  dapF , and cause a p a r t i a l  Dap"” a u x o t r o p h i c  
phenotype. The o t h e r  th r e e  in s e r t i o n s  were known t o  map 
downstream o f  dapF.
The downstream i n s e r t i o n s  had n o t  been a c c u r a t e l y  
mapped by R ichaud .  To a c c u r a t e l y  map t h e s e  i n s e r t i o n s ,  
plasmids c o n ta in in g  th e  Y13, Y17 and Y2 mini Mu in s e r t i o n s  
were c leaved w i th  H i n d l l l  and BamHI. Mu d l l  PR13 has a 
unique BamHI s i t e  117 bp from th e  7acZ end. Fragments o f  
the  c o r r e c t  s i z e  to  c a r r y  mini Mu -  pDF3 boundaries ( 2 . 8  
kbp, 3.1 kbp and 3 .9  kbp r e s p e c t i v e l y  f o r  Y13, Y17 and Y2) 
were excised from an agarose g e l ,  p u r i f i e d  w i th  Geneclean  
and cloned in t o  M13mp19 to  g ive  mSD17, mSD18 and mSD19 
( F i g  5 . 7 ) .  Sequencing o f  th e s e  r e c o m b in a n t  phage gave  
i d e n t i c a l  mini Mu sequence f o r  117 bp fo l lo w e d  by pDF3 
sequences. These pDF3 sequences could be lo ca te d  on the  
xerC  bottom s t rand  sequence (T a b le  5 . 1 ) .  Th is  a l low ed  the  
d e te rm in a t io n  o f  the  ex ac t  p o s i t io n  a t  which each copy o f  
th e  m ini  Mu had i n s e r t e d  ( F i g  5 . 5 )  and d e f i n e d  w h ic h  
reading frame was fused t r a n s l a t i o n a l l y  to  7acZ.
I t  t u r n e d  o u t  t h a t  e a c h  i n s e r t i o n  was i n t o  a 
d i f f e r e n t  open re a d in g  f r a m e .  Y13 i s  an i n s e r t i o n  i n t o  
o r f 235 a t  n u c le o t id e  741, the Y17 i n s e r t i o n  is  i n t o  the  
xerC  r e a d in g  f ram e a t  n u c l e o t i d e  1 , 0 5 8  and Y2 i s  an 
i n s e r t i o n  in t o  o r f 238 a t  n u c le o t id e  1 ,873  ( F ig  5 . 5 ) .  A l l  
th re e  o f  these i n s e r t io n s  had placed 7acZ in  frame w i th  
the  corresponding open reading frame p r e v io u s ly  i d e n t i f i e d  
by computer. Since a l l  th r e e  in s e r t i o n s  are  b lue  on X -ga l  
t h i s  provided evidence t h a t  these open reading frames are  
in  f a c t  t r a n s l a t e d  in v iv o .
Audrey McLaughlin (a  p r o j e c t  s tu d e n t )  found t h a t  a l l
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fo u r  chromosomal fu s io n s  expressed beta  g a la c to s id a s e  a t  
a p prox im a te ly  the  same l e v e l ,  about 1-5X the  le v e l  o f  th e  
f u l l y  derepressed chromosomal 7acZ  gene in  ML308. Audrey  
measured be ta  g a la c to s id a s e  a c t i v i t i e s  in  e x p o n e n t i a l l y  
growing c u l t u r e s  grown in  L b ro th  or  minimal medium in  the  
presence and absence o f  l y s in e  and d ia m in o p im e l ic . a c id .  
She was u n a b l e  t o  d e t e c t  any  r e g u l a t i o n  a c t i n g  on 
express ion  o f  these fu s io n s  under these c o n d i t io n s .
5 .7  Xer phenotypes o f  mini Mu in s e r t i o n s
JC7623 c a r r i e s  th e  recBC sbcBC m uta t ions ,  re n d e r in g  
i t  an u n s u i ta b le  host f o r  ColE1 r e la t e d  plasmids (B a s s e t t  
and Kushner, 1984) In  o rd e r  t o  study the  Xer phenotypes  
caused by th e  mini Mu in s e r t i o n s  in  the  xerC  reg io n  the  
fo u r  i n s e r t i o n  m utat ions were transduced in t o  DS941 using  
P1 . T ransductants  were s e le c te d  by v i r t u e  o f  th e  mini Mu 
encoded re s is ta n c e  to  ch loram phenico l .
DS941 d e r i v a t i v e s  c a r r y in g  mini Mu i n s e r t io n s  in  dapF 
( Y3 0 ) ,  o r f 235  ( Y 1 3 ) ,  x e rC  ( Y 1 7 )  and o r f 2 3 8  ( Y 2 )  w ere  
transform ed w i th  th e  r e p o r t e r  plasmid pKS455. DS941 dapF 
t ran s fo rm an ts  were p la te d  onto medium supplemented w i t h  20 
ug/ml DAP. Plasmid DNA was prepared from t ra n s fo rm a n ts  by 
t h e  b o i l i n g  m ethod and a n a l y s e d  by a g a r o s e  g e l  
e le c t r o p h o r e s is  (F ig  5 . 8 ) .  As can be seen th e  i n s e r t i o n s  
i n t o  dapF  and o r f 235  p r e v e n t e d  c o m p le te  r e s o l u t i o n  o f  
pKS455. The e x t e n t  o f  r e s o l u t i o n  v a r i e d - . .s l i g h t l y  ■ f ro m  
e x p e r im e n t  t o  e x p e r im e n t ,  b u t  some u n r e s o l v e d  pKS455  
always remained. Th is  Xer phenotype is  rem in is c en t  o f  th e  
phenotype caused by th e  xerC1 m uta t ion .  The most l i k e l y  
e x p la n a t io n  f o r  t h i s  phenotype i s  t h a t  in s e r t io n s  between 
th e  dapF promoter and the  xerC  coding sequence a re  p o la r  
on e x p r e s s io n  o f  xerC .  A r e d u c t i o n  i n t r a n s c r i  p t i  on o f  
xerC,  caused by the p o la r  mini Mu i n s e r t i o n s ,  w i l l  lea d  to  
a low er  c e l l u l a r  XerC p r o t e i n  c o n c e n t r a t i o n  and t h u s  
reduce the  r a t e  of  r e s o lu t i o n  o f  pKS455.
The Y17 mini Mu i n s e r t i o n  i n t o  t h e  x e r C  c o d i n g  
sequence complete ly  ab o l ished  r e s o lu t i o n  o f  pKS455 ( F ig  
5 . 8 ) .  Even a f t e r  continued c u l t u r e  f o r  many g e n e ra t io n s  no 
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PKS455
F ig u re  5 .8  Complementation o f  Xer” mini-Mu i n s e r t i o n s  in  
dapF. o r f2 3 5  and xerC by a plasmid co n ta in in g  o n ly  the  
xerC open reading fram e.  The DS941 d e r i v a t i v e s  shown were 
t ransformed e i t h e r  w i th  pKS455 alone or w ith  pKS455 and 
pSDC112. Plasmid DNA was i s o l a t e d  by the b o i l i n g  method 
and run on a 1.2% agarose g e l .  The r e p o r t e r  plasmid pKS455 
i s  r e s o lv e d  by ce r  s i t e - s p e c i f i c  r e c o m b i n a t i o n  i n  X e r + 
s t r a i n s  to  g ive plasmid p456. pSDC112 conta ins th e  same 
1,232 bp XerC’1’ fragment as pSDC104 in  a Kmr lambda dv-  
based r e p ! ic o n .
o  co r-co — —>->->-
Sykora in  our lab  c o n s t ru c te d  a s t r a i n  (DS941 xerC2)  t h a t  
c a r r i e s  a Kmr gene cloned i n t o  the  S a i l  s i t e  w i t h i n  the  
chromosomal XerC  gene. T h is  s t r a i n - s h o w s  an i d e n t i c a l  
XerC” phenotype t o  DS941 xerC  Y17 (see Fig 5 . 9 ) .
The Y2 i n s e r t i o n ,  which is  downstream o f  x e rC , w i t h i n  
o r f 2 3 8 ,  gave no d e t e c t a b l e  p h e n o t y p e .  R e s o l u t i o n  o f  
pKS455, pCS202 and pSDC110 p ro c e e d e d  a t  t h e  same r a p i d  
r a t e  as in  w i ld  type  s t r a i n s .  DS941 o r f 238 Y2 had a growth 
curve very  s i m i l a r  to  DS941 in  both r i c h  medium (L b ro th )  
and i n  m i n i m a l  medium s u p p l e m e n t e d  w i t h  DS941 
requirements  (A. McLaughlin,  personal communicat ions).  
C o lo n ie s  on p l a t e s  a l s o  a p p e a re d  n o r m a l , as d i d  c e l l  
morphology under th e  microscope.
The Xer” phenotypes o f  th e  cfapF Y30, o r f 2 3 5  Y13 and 
xerC  Y17 i n s e r t i o n  m u ta t io n s  w ere  com plem ented  by t h e  
1 ,2 3 2  bp minimal x e rC  c o m p le m e n t in g  f r a g m e n t .  DS941 
d e r i v a t i v e s  c a r r y i n g  t h e s e  m u t a t i o n s  w e r e  d o u b l y  
t r a n s f o r m e d  w i t h  t h e  p l a s m i d s  pKS455 and p S D C 1 1 2 .  
T r a n s f o r m a n t s  w e r e  s e l e c t e d  f o r  r e s i s t a n c e  t o  b o t h  
a m p i c i l l i n  and kanamycin. DNA was recovered by th e  b o i l i n g  
method and a n a ly se d  on an a g a r o s e  g e l .  The r e p o r t e r  
plasmid pKS455 was found to  be com plete ly  reso lved  t o  i t s  
d e l e t i o n  d e r i v a t i v e  p456 in  a l l  cases (F ig  5 . 8 ) .  (pSDC112 
c a r r i e s  the  xerC+ EcoRI -  H i n d l l l  fragment from pSDC104 on 
a Kmr lambda dv -  based p l a s m i d . )
Recombination a t  th e  type  I I  ColE1 c e r  -  CloDF13 parB  
h ybr id  s i t e  was t o t a l l y  ab o l is hed  by both th e  xerC2  (Kmr ) 
and th e  xerC  Y17 m uta t ion s .  DS941 xerC2  and DS941 xerC  Y17 
were transformed w i th  pSDC110, which conta ins  two d i r e c t l y  
repeated copies o f  the  type  I I  s i t e .  A na lys is  o f  plasmid  
DNA by agarose gel  e l e c t r o p h o r e s i s  r e v e a l e d  t h a t  no 
r e s o l u t i o n  o f  pSDC110 had o c c u r r e d  ( F i g  5 . 9  and n o t  
shown). Plasmid DNA was a ls o  found to  be non recombinant  
by r e s t r i c t i o n  even a f t e r  many g e nera t ion s  o f  growth. The 
dapF Y30 and o r f 2 3 5  i n s e r t i o n s  w e r e  a l s o  f o u n d  t o  
reduce i n t r a m o l e c u l a r  ty p e  I I  h y b r i d  r e c o m b i n a t i o n  in  
pSDC110 to  a le v e l  s i m i l a r  to  t h a t  found in DS941 x e rC 1 .
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F i g u r e  5 . 9  c e r -m e d ia t e d  s i t e - s p e c i f i c  r e c o m b i n a t i o n  in  
Xer+ and Xer-  JE^  col i s t r a i n s .  A) DS941 E_;_ col i Xer+ and 
Xer” s t r a i n s  were transformed w ith  the r e p o r t e r  plasmid  
PKS455, which co nta ins  two copies o f  the  w i ld  type  cer  
s i t e ,  c e r -medi ated recombinat ion y ie ld s  p456. B) DS941 E . 
col i X e r+ and X e r -  s t r a i n s  w ere  t r a n s f o r m e d  w i t h  t h e  
r e p o r t e r  plasmid pSDC110, which con ta ins  two copies o f  the  
type I I  (ColE1 cer  -  CloDF13 parB ) hybr id  s i t e  (Sau3A -  
A lu l  f ragment,  cer  ) .  I n t r a m o le c u la r  cer  s i t e - s p e c i f i c  
recombinat ion a c t in g  on pSDC110 y i e l d s  p111. Plasmid DNA 
was is o la t e d  using the  b o i l i n g  techn ique  and run on a 1.2% 
agarose g e l .
5.8  XerC belongs to  th e  lambda in te g ra s e  fa m ily  o f  s i t e -  
s p e c if ic  recomb in ase s .
The i n f e r r e d  p r o t e in  sequence o f  XerC was searched by 
eye f o r  s i m i l a r i t i e s  t o  e i t h e r  t h e  r e s o l  v a s e / i  n v e r t a s e  
c la s s  o r  th e  lambda i n t e g r a s e  c l a s s  o f  s i t e - s p e c i f i c  
re c o m b in a s e s . A c o n v i n c in g  match t o  t h e  most h i g h l y  
conserved reg ion  o f  th e  lambda in te g ra s e  f a m i l y ,  th e  so 
c a l l e d  domain 2.  was e a s i l y  found. Th is  match to  domain 2 
was found near to  th e  C -te rm inus  o f  the  XerC sequence, 
where i t  i s  found in  a l l  o t h e r  members o f  t h e  lambda  
in te g ra s e  f a m i ly  o f  s i t e - s p e c i f i c  recombinases, in c lu d in g  
the  yeas t  FLP p r o t e in  (Argos e t  a 7, 1986) .
The la m b d a  i n t e g r a s e  d o m a in  2 c o n t a i n s  t h r e e  
r e s id u e s ,  h i s t i d i n e ,  a r g i n i n e  and t y r o s i n e  w h ic h  a r e  
t o t a l l y  conserved throughout th e  lambda in te g ra s e  f a m i l y  
(Argos e t  a7, 1986) .  O ther  res idues  a re  h ig h ly  conserved
but a re  not present  in  a l l  members o f  the  f a m i l y .  XerC 
co nta ins  a l l  th re e  t o t a l l y  conserved amino ac ids  and has 
matches t o  many o f  th e  h i g h l y  c o n s e r v e d  p o s i t i o n s ,  a l l  
w i t h  th e  c o r r e c t  s p a c in g .  Homology t o  t h e  o t h e r  h i g h l y  
conserved region o f  th e  in te g ra s e  f a m i l y ,  domain 1, was 
a ls o  found in  th e  XerC sequence. Alignments o f  domains 1 
and 2 o f  XerC to  th e  o th e r  members o f  th e  in te g ra s e  f a m i l y  
i s  shown in  Fig 5 .1 0 .
An ex haust ive  search using th e  Edinburgh ICL 64 x 64 
d i s t r i b u t e d  a r r a y  p ro c e s s o r  ( C o l l i n s  e t a 7 ,  1 9 8 8 )  was 
c a r r ie d  out by John C o l l i n s  to  compare the  XerC sequence 
to  17,425 p r o t e in  sequences. Th is  search reve a led  reg ions  
o f  s i m i l a r i t y  to  many members o f  t h e  lambda i n t e g r a s e  
f a m i ly  o f  recombinases as summarised in  Fig 5.11 . I t  can 
be seen t h a t  sequence s i m i l a r i t y  to  o th e r  members o f  the  
in te g ra s e  fa m i ly  is  cen tred  on th e  c l a s s i c a l  domain 1 and 
domain 2 regions but extends out from these in  many cases.  
Of p a r t i c u l a r  note are  the  a l ignm ents  w i th  the  E. c o l i  
p r o t e in s  FimB and FimE (Klemm, 1986; Dorman and H ig g in s ,
1 987 ) and t h e  a l i g n m e n t  w i t h  T n p l  f r o m  B a c i l l u s  
th u r i n g i e n s i s  Tn4430 (M a h i l lo n  and L e re c lu s ,  1988) .  These 
al ignments  span the  region between domains 1 and 2 and 




consensus elay tG RisEll L didl
XerC RAMLEVMYGAGLRLSELVGLDIKHLDLE 
R46 Orf3 RLFAQLLYGTGMRISEGLQLRVKDLDFD 
FimE YCLILLAYRHGMRISELLDLHYQDLDLN 
FimB YCLTLLCFIHGFRASEICRLRISDIDLK 
Tn4430 Tnpl YAIATLLAYTGVRISEALSIKMNDFNLQ 
Tn554 TnpA KLILMLMYEGGLRIGEVLSLRLEDIVTW 
Tn554 TnpB ATMTMIVQECGMRISELCTLKKGCLLED 
F :D Prot KMLLATLWNTGARINEALALTRGDFSLA 
PI Cre TAGVEKALSLGVTKLVERWISVSGVADD 
P22 Int KSVVEFALSTGLRRSNIINLEWQQIDMQ 
Lambda Int RLAMELAVVTGQRVGDLCEMKWSDIVDG
Domain 2
consensus H LRHs at 1 e G- ir vq 11GH n-i tt- Yth 
XerC HKLRHSFATHMLESS-GDLRGVQELLGHAN-LSTT-QIYTH 
R46 Orf3 HTLRHSFATALLRSG-YDIRTVQDLLGHSD-VSTT-MIYTH 
FimE HMLRHACGYELAERG-ADTRLIQDYLGHRN-IRHT-VRYTA 
FimB HMLRHSCGFALANMG-IDTRLIQDYLGHRN-IRHT-VWYTA 
Tn4430 Tnpl HQLRHFFCTNAIEKG-FSIHEVANQAGHSN-IHTT-LLYTN 
Tn554 TnpA HMLRHTHATQLIREG-WDVAFVQKRLGHAHVQTTL-NTYVH 
Tn554 TnpB HAFRHTVGTRMINNG-MPQHIVQKFLGHES-PEMT-SRYAH 
F :D Prot HTFRHSYAMHMLYAG-IPLKVLQSLMGHKS-ISST-EVYTK 
PI Cre HSARVGAARDMARAG-VSIPEIMQAGGWTN-VNIV-MNYIR 
P22 Int HDLRHTWASWLVQAG-VPISVLQEMGGWES-IEMV-RRYAH 
Lambda Int HELRSLSA-RLYEKQ-ISDKFAQHLLGHKS-DTMA-SQY-R 
Flp HIGRHLMTSFLSMKGLTELTNVVGNWSDKRASAVARTTYTH
F ig u r e  5 .1 0  A l ig nm ent  o f  t h e  XerC p r o t e i n  seque nce  t o  
o th er  s i t e - s p e c i f i c  recombinases o f  th e  lambda in te g ra s e  
f a m i ly .  Only the two most conserved regions (domains 1 
and 2) are shown. The regions o f  XerC shown a re  those  
under l ined in Fig 5 . 5 .  The consensus l i n e  shows res idues  
present in a t  l e a s t  4 o f  the  p r o t e in s  in lower case and 
those present in a t  l e a s t  8 p r o te in s  in upper case. Gaps 
( - )  have been in t ro d u c e d  to  m a x im is e  t h e  homology.  The  
sequence o f  R46 O r f 3 is  from H a l l  and Vockler  ( 1 9 8 7 ) .  The 
s e q u e n c e s  o f  t h e  ch rom osom al  1 y en cod ed  E_;_ c o l i  
recombinases FimB and FimE a r e  f ro m  Klemm ( 1986 ) and  
Dorman and Higgins ( 1987) .  Tnpl comes from the B a c i11 us 
th u r i  ngi ensi s transposon Tn4430 (M a h i l lo n  and L e re c lu s ,  
1988) .  The sequences o f  the Tn554 t r a n s p o s i t io n  p r o t e in s  
TnpA and TnpB are from Murphy e t  a l  . ( 1 9 8 5 ) .The D p r o t e in
is  a recombinase from the E_;_ col i F f a c t o r  (Lane e t  a l  ,
1 9 8 6 ) .  The sequences o f  th e  P1 , P22,« lambda and F l p
recombinases a re  taken  from t h e  d a t a  o f  Argos e t  a l  . 
(1 9 8 6 ) .
1 100 G 200 HR Y 298
------------------ 1------- -J-------- -- 1------- 11—---- 1---- 1 XerC
-------- -----1— — —   32% FimB
    33% FimE
  ------- 2 27% Tnpl
—  -----47%----  i--- 52% R46
 23% — H----- 29% P2252 37% ■■■ 28% Lambda
" —  45%------------  2----- 38% Tn554 TnpA
10 34% Tn554 TnpB 
38% P186
47% F:D prot
Figure  5.11 Summary o f  th e  a l ignm ents  found between the  
XerC p r o t e i n  and o t h e r  members o f  t h e  lambda i n t e g r a s e  
f a m i ly  o f  s i t e - s p e c i f i c  recombinases. A p ro te in  sequence 
data-base  conta in ing  17,425 p r o t e in  sequences was searched  
w ith  the 64 x 64 D i s t r i b u t e d  Array  Processor using the  
"Best Local S i m i l a r i t y "  a lg o r i th m  o f  Smith and Waterman 
(1981)  as modif ied by C o l l i n s  e t  a l  (1 9 8 8 ) .  A l l  a l ignments  
to  known members o f  the lambda in te g ra s e  fa m i ly  o f  s i t e -  
s p e c i f i c  recombinases out o f  the top 90 scoring a l ignments  
are  summarised above. The rank according to  score is  shown 
above each al ignment.  The percentage o f  id e n t i c a l  amino 
a c id s  w i t h i n  each a l ig n m e n t  i s  shown. The a l i g n m e n t  to  
domain 2 of lambda in te g ra s e  did  not score in  the top 90 
but is  shown f o r  in fo rm a t io n .  The p o s i t io n s  in XerC o f  the  
conserved g lyc in e  res idue  in  domain 1 and th e  conserved  
h i s t i d i n e ,  a rg in in e  and ty r o s in e  residues in domain 2 are  
shown.
ac ids 4 -  36 o f  XerC and 76 -  107 o f  lambda I n t  was a lso  
found. Th is  reg ion  o f  lambda I n t  can not  be a l ig n e d  w i th  
any o f  the  o t h e r  members o f  the  in te g r a s e  f a m i l y  o f  s i t e  
s p e c i f i c  recombinases: P2 I n t ,  186 I n t ,  P22 I n t ,  P1 Cre,  
Phi80 I n t ,  and P4 I n t  (Argos e t  a l , 1986 ) .  I t  i s  a lso
o u ts id e  o f  th e  7KDa N - te rm in a l  domain o f  lambda I n t  which 
binds to  the  arm type  s i t e s  o f  a t t P  (Moitoso de Vargas e t  
a l ,  1988 ) .  The spacing between t h i s  reg ion  and domains 1 
and 2 i s  ve ry  s i m i l a r  in  XerC and lambda I n t .  However, the  
b i o l o g i c a l  s i g n i f i c a n c e  o f  t h i s  a l ig n m e n t ,  i f  any, i s  not  
known.
The same type  o f  computer search was done t o  look f o r  
p r o t e i n s  s i m i l a r  t o  th e  i n f e r r e d  p r o t e i n  s e q u e n c e s  o f  
Orf235 and 0 r f 2 3 8 .  No convincing s i m i l a r i t i e s  were found 
between these sequences and any o th e rs  in  the  d a ta  base.
5 .9  A c e l l u l a r  r o l e  f o r  xerC?
I t  was n o t ic e d  t h a t  DS941 xerC2  and DS941 xerC  Y17 
produced s m a l l e r  c o l o n i e s  th a n  DS941 on L a g a r  p l a t e s .  
However, when growth r a te s  were measured in  l i q u i d  media 
t h e r e  was no a p p a r e n t  d i f f e r e n c e  in  e x p o n e n t i a l  g ro w th  
phase d o u b l in g  t i m e s .  The s m a l l  c o l o n y  s i z e  on p l a t e s  
m i g h t  h a v e  r e f l e c t e d  a s l o w n e s s  i n  r e c o v e r y  f r o m  
s t a t i o n a r y  phase, s in c e  i t  was p a r t i c u l a r l y  n o t i c e a b l e  
when t h e s e  s t r a i n s  w e re  r e c o v e r e d  f r o m  s t o r a g e .  
Examination o f  DS941 xerC2 and DS941 xerC  Y17 under the  
microscope r e v e a le d  t h a t  t h e s e  x e r C "  s t r a i n s  have  a 
t e n d e n c y  t o  f i l a m e n t .  DS941 d a p F  Y30 (m e d iu m  was  
supplemented w i th  DAP), DS941 o r f 2 3 5  Y13, DS941 x e rC /  and 
DS941 o r f 238 Y2 d id  not show these phenotypes. Both the  
tendency to  form f i l a m e n t s  and the  small  colony s i z e  were 
complemented by th e  plasmid pSDC105, which c o n ta in s  the  
xerC+ 1 ,232 bp fragment from pSDC104 t r a n s c r ib e d  from the  
strong P-^ac Promo't e r * The xerC Y17 m uta t ion  was transduced  
w i t h  P1 i n t o  CSH50 and CSH50 d e l t a  f i m B  -  f i m H .  
E x am in a t io n  o f  th e  two s t r a i n s  p ro d u c e d  r e v e a l e d  t h a t  
CSH50 d e l t a  f imB -  f imH, xerC  Y17 has a g r e a t e r  tendency  
to  f i l a m e n t  than CSH50 xerC  Y17; and both form f i l a m e n t s  
to  a g r e a te r  e x te n t  than t h e i r  xerC+ p a re n ta l  s t r a i n s  (n o t
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shown).
Nuc leo ids  were v i s u a l i s e d  in  v a r io u s  xerC+ and xerC"” 
s t r a i n s  by D. S h e r r a t t  and G. B la k e ly ,  using th e  method o f  
H i r a g a  e t  a l  ( 1 9 8 9 ) .  C e l l s  w e r e  f i r s t  t r e a t e d  w i t h  
chloramphenicol to  i n h i b i t  p r o t e in  s y n th e s is ,  s t a in e d  w i th  
DAPI and v i s u a l i s e d  by f lu o re s c e n c e  microscopy. Most o f  
th e  f i l a m e n t s  p resen t  in  xerC  mutant s t r a i n s  had a b e r r a n t  
n u c l e o i d s .  In  many cases a s i n g l e ,  h i g h l y  f l u o r e s c e n t  
(p o s s ib ly  a m p l i f i e d )  n u c le o id  was present  in  th e  m idd le  o f  
the  f i l a m e n t  (D. S h e r r a t t  and G. B la k e ly ,  pe rs .  comm.).
5.10 D iscuss ion
The work reported  in  t h i s  chapter  prov ides  t h e  DNA 
sequence o f  th e  xe rC  gene,  a gene whose f u n c t i o n  i s  
a b s o lu te ly  re q u ire d  f o r  c e r  s i t e - s p e c i f i c  rec o m b in a t io n .  
I t  a l s o  p r o v id e s  th e  DNA sequence  t h a t  spans  t h e  gap 
between the publ ished E. c o l i  dapF (Richaud and P r i n t z ,  
1988) and uvrD  (E a s to n  and K u s h n e r ,  19 83 ;  F i n c h  and 
Emerson, 1983; 1984) sequences. The sequence determ ined
here ov er laps  f o r  181 bp w i th  th e  publ ished uvrD sequences  
(F inch and Emerson, 1983; 1984; Easton and Kushner 1983)
w i t h  no d i f f e r e n c e s .  The x e rC  seq uenc e  o v e r l a p s  a t  t h e  
o t h e r  end w i t h  th e  p u b l is h e d  dapF  3 ’ f l a n k i n g  s e q u e n c e  
(Richaud and P r i n t z ,  1988) f o r  138 bp and f o r  a f u r t h e r  
534 bp w ith  the  unpublished dapF 3 ’ f l a n k i n g  sequence (C.  
Richaud, personal communications).
There are  d i f f e r e n c e s  between the  sequence de term ined  
in  our lab and t h a t  determined by Richaud. A lthough th ese  
d i f f e r e n c e s  are minor, they  are  c r u c ia l  to  th e  e x is t e n c e  
o f  o r f 235,  s ince  some o f  them produce frame s h i f t s .  These  
d i f f e r e n c e s  were t h e r e f o r e  checked very  c a r e f u l l y  on th e  
r e l e v a n t  s e q u e n c i n g  g e l s .  F u r t h e r m o r e  t h e  s e q u e n c e  
r e p o r t e d  here  i s  c o n s i s t e n t  b o th  w i t h  t h e  h i g h  codon  
pre fe ren c e  s t a t i s t i c  throughout  the  o r f2 3 5  read ing  frame  
and w i th  the f a c t  t h a t  o r f 2 3 5  i s  known to  be t r a n s l a t e d  a t  
i t s  3 ’ end.
The sequencing d a ta  would best be confirmed by th e  
v i s u a l i s a t i o n  o f  a p r o t e i n  o f  t h e  c o r r e c t  s i z e  t o  be 
encoded by o r f 235.  An a t tem p t  to  do t h i s  using m i n i c e l l s  
c o n ta in in g  pSDC121 (see M a t e r i a l s  and Methods) has so f a r
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f a i l e d .  One p o s s ib le  e x p la n a t io n  f o r  t h i s  i s  t h a t  o r f 235 
may be m iss in g  p a r t  o f  i t s  t r a n s l a t i o n a l  i n i t i a t i o n  
s ig n a ls  in  pSDC121. A s i m i l a r  exper iment using m i n i c e l l s  
c o n t a i n i n g  pSDC120 ( s e e  M a t e r i a l s  and M e t h o d s )  has  
v e r i f i e d  t h a t  orf23Q  does indeed encode a p r o t e i n  w i th  an 
apparent m o lecu la r  w e ig h t  o f  approx im ate ly  25 ,0 0 0  (d a ta  
not shown) .
The xerC  gene appears to  be t r a n s c r ib e d  as p a r t  o f  a 
m u l t i c i s t r o n i c  u n i t  t h a t  has dapF as th e  f i r s t  gene and 
xerC  as the t h i r d  gene. The second and f o u r t h  genes in  
t h i s  t r a n s c r  i p t i  on group \ o r f 2 3 5  and o r f 2 3 8 )  a r e  o f  
unknown fu n c t io n s  but appear to  be t r a n s l a t e d  a t  s i m i l a r  
l e v e ls  to  dapF and x e r C . The f a c t  t h a t  these  f o u r  genes 
are  c o - t r a n s c r ib e d  suggests t h a t  t h e i r  fu n c t io n s  might in  
some way be r e l a t e d .
A l l  genes so f a r  i d e n t i f i e d  in  t h i s  re g io n ,  namely 
th e  cya operon (A iba  e t  a 7, 1984) ,  the  dapF -  xerC  operon  
and uvrD  (E as ton  and Kushner,  1983;  F i n c h  and Emerson,  
1 9 8 3 ;  1 9 8 4 )  a r e  t r a n s c r i b e d  in  t h e  same d i r e c t i o n ,
c lo c k w is e  on th e  £ .  c o l i  map. T h i s  f i t s  i n  w i t h  t h e  
o b s e r v a t i o n  t h a t  t h e  m a j o r i t y  o f  E.  c o l i  g e n e s  a r e  
t r a n s c r ib e d  away from o r i C  (84 m in) ,  in  th e  same d i r e c t i o n  
as the d i r e c t i o n  o f  DNA r e p l i c a t i o n  (Brewer,  1 9 88 ) .
I n s e r t i o n  m u t a t io n s  5 ’ o f  t h e  x e r C  open r e a d i n g  
f ra m e ,  w i t h i n  e i t h e r  t h e  dapF o r  o r f 2 3 5  open r e a d i n g  
frames, s u b s t a n t i a l l y  reduce s i t e - s p e c i f i c  recom bina t ion  
a t  cer .  The d e fe c t  caused by a t  l e a s t  one o f  these  (a  Tn5 
i n s e r t io n  in  o r f2 S 5  t o  g ive  xerC1)  is  not  complemented by 
th e  p lasmid pSDC106 which c a r r i e s  t h e  c o m p l e t e  o r f 235  
reading frame but o n ly  p a r t  o f  xerC (see Fig 4 . 9 ) .  A l l  o f  
th e  i n s e r t i o n  m u ta t io n s  up stream  o f  x e r C  a r e ,  h o w e v e r ,  
complemented by a plasmid c a r ry in g  on ly  the  i n t a c t  xerC  
open reading frame. Th is  suggests t h a t  upstream i n s e r t i o n s  
reduce cer  recombinat ion on ly  by reducing t r a n s c r i p t i o n  o f  
xerC, and t h a t  the  dapF and o r f 235 gene products a r e  not  
themselves re q u ire d  f o r  c er  s i t e - s p e c i f i c  reco m b ina t ion .  
An i n s e r t i o n  in  o r f 2 3 8  (dow nstream  o f  x e r C )  does n o t  
a b o l is h  recombinat ion a t  cer  showing t h a t  the  p rod uc t  o f  
t h i s  gene is  not re q u ire d  f o r  cer  recom bina t ion .  I t  is  
known t h a t  dapF has i t s  own promoter (Richaud and P r i n t z ,  
1988) ,  and i t  seems probable  t h a t  dapF, o r f 235,  xe rC  and
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o r f2 3 8  a re  a l l  t r a n s c r i b e d  on t h e  same mRNA f r o m  t h i s  
promoter.
S t r a i n s  c a r r y i n g  i n s e r t i o n s  w i t h i n  t h e  x e r C  open 
r e a d in g  fram e a r e  t o t a l l y  d e f e c t i v e  in  r e c o m b i n a t i o n  
between ce r  s i t e s .  They are a ls o  t o t a l l y  d e f e c t i v e  in  
recombinat ion a t  a v a r i a n t  c e r  s i t e  which does no t  r e q u i re  
t h e  f u n c t i o n  o f  argR  o r  pepA f o r  r e c o m b i n a t i o n .  T h i s  
v a r i a n t  c e r  s i t e  i s  f u n c t i o n a l  l y  much s m a l l e r  t h a n  t h e  
w i ld  type  c e r  s i t e ,  r e q u i r i n g  a t  most on ly  50 bp. around 
the  crossover  reg io n  (Summers, 1989) .  Th is  suggests t h a t  
XerC ac ts  a t  o r  near th e  crossover  s i t e  o f  c e r , and -  
t a k i n g  i n t o  a c c o u n t  t h e  s i m i l a r i t y  t o  o t h e r  known  
recombinases -  i t  i s  a lmost c e r t a i n l y  th e  c e r  recombinase.
The XerC p r o t e i n  has s u b s t a n t ia l  amino a c id  sequence 
s i m i l a r i t y  to  the  lambda in te g ra s e  f a m i l y  o f  s i t e - s p e c i f i c  
r e c o m b i n a s e s ,  e s p e c i a l l y  a t  t h e  tw o  m ost  c o n s e r v e d  
d o m a in s .  The s e c o n d  o f  t h e s e  d o m a in s  c o n t a i n s  t h e  
a b s o l u t e l y  conserved  t y r o s i n e  r e s i d u e  t h a t  i s  known t o  
become l i n k e d  t o  t h e  r e c o m b in a t io n  s i t e  DNA i  n lambda  
in te g ra s e  ( P a r g e l l i s  e t  a l , 1988) and in  th e  FLP p r o t e in
o f  the  yeast  2 -micron plasmid (G ro n a s ta js k i  e t  a l , 1985) .  
The o t h e r  p a r t s  o f  domain 2 ,  i n c l u d i n g  t h e  o t h e r  two  
a b s o lu te ly  conserved re s id u e s ,  might a ls o  be e lements  o f  
th e  recombinase a c t i v e  s i t e  (A rg o s  e t  a l , 1986 ) .  G iv e n
t h i s  s i m i l a r i t y  t o  th e  lambda in te g ra s e  f a m i l y  i t  seems 
l i k e l y  t h a t  XerC c a t a l y s e s  r e c o m b i n a t i o n  a t  c e r  w i t h  a 
mechanism s i m i l a r  t o  t h a t  o f  t h e s e  o t h e r  r e c o m b i n a s e s .  
Th is  would in v o lv e  making two staggered n icks  w i t h i n  the  
c e r  crossover  reg ion  g e n era t in g  t r a n s i e n t  5 ’ p r o t ru d in g  
ends  and 3 ’ p h o s p h o d i e s t e r  p r o t e i n - D N A  l i n k a g e s  t o  
ty r o s in e  275 o f  XerC.
In  the reg ion  between the  two conserved domains the  
XerC sequence is  most s i m i l a r  to  the  sequences o f  th e  E. 
c o l i  chromosomal 1 y encoded FimB and FimE p r o t e in s  (Klemm, 
1986; Dorman and H ig g in s ,  1987) and to  the  Tnpl p r o t e i n  o f  
B a c i l l u s  t h u r i n g i e n s i s  Tn4430 ( M a h i l l o n  and L e r e c l u s ,  
1988) .  FimB and FimE are  two E. c o l i  p r o t e in s  which a c t  to  
r e v e r s i b l y  i n v e r t  a s m a l l  s e g m e n t  o f  t h e  E.  c o l i  
chromosome to  b r in g  about type I  f i m b r i a l  phase v a r i a t i o n .  
Tnpl probably a c ts  to  res o lve  c o in t e g r a t e  in t e r m e d ia te s ,  
formed by th e  t r a n s p o s i t i o n  o f  t h e  c l a s s  I I  t r a n s p o s o n
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Tn4430 (M a h i l lo n  and L e re c lu s ,  1988 ) .  W i th in  th e  conserved  
38 amino ac id  domain 2 th e  XerC sequence is  c lo s e s t  to  a 
p o s s ib le  recombinase from plasmid R46 ( H a l l  and V o c k le r ,
1 9 8 7 ) .  The s i g n i f i c a n c e  o f  t h e s e  s i m i l a r i t i e s  i s  n o t  
known.
The two E. c o l i  genes p r e v io u s ly  i d e n t i f i e d  as being  
r e q u i r e d  f o r  c e r  s i t e  s p e c i f i c  recom bi  n a t  i on , pepA and 
argR,  a re  known to  have o th e r  r o le s  in  E. c o l i  a p a r t  from 
ensur ing  plasmid s t a b i l i t y .  I t  seems l i k e l y  t h a t  xerC  a ls o  
has some o th e r  r o l e  in  E. c o l i .  Th is  i s  supported by the  
o b s e r v a t i o n  t h a t  x e r C  m u t a n t s  h a v e  a l t e r e d  g r o w t h  
c h a r a c t e r i s t i c s  and c e l l  m o r p h o l o g y ,  w h i c h  a r e  
complemented in t r a n s  by xerC.  The c e l l u l a r  r o l e  o f  xerC  
m i g h t  i n v o l v e  a c t i n g  a t  an E. c o l i  c h ro m o s o m a l  
recombinat ion s i t e  o r  s i t e s .  XerC could e i t h e r  a c t  ( l i k e  
FimB and FimE) t o  i n v e r t  th e  DNA between two chromosomal 
r e c o m b i n a t i o n  s i t e s ,  o r  i t  c o u l d  a c t  a t  a s i n g l e  
r e c o m b in a t io n  s i t e  t o  r e s o l v e  any chromosome m u l t i m e r s  
t h a t  a r i s e  by homologous r e c o m b i n a t i o n .  The second  o f  
these two p o s s i b i l i t i e s  is  c o n s is te n t  w i th  th e  phenotype  
seen in  xerC  mutant s t r a i n s .  Chromosomal m ult im ers  should  
f a i l  t o  p a r t i t i o n  and could g ive  f i l a m e n t s  w i th  a m p l i f i e d  
DNA. I f  XerC is  invo lved  in  chromosome m onom erisat ion , i t  
would appear t h a t  FimB and FimE can s u b s t i t u t e ,  a t  l e a s t  
in  p a r t ,  f o r  t h i s  fu n c t io n ;  probably  by a c t in g  a t  t h e i r  
normal recombinat ion s i t e s .
Most s i t e - s p e c i f i c  re co m b in a s e s  a r e  fo u n d  i n  v e r y  
c lo s e  p r o x i m i t y  t o  t h e i r  s i t e s  o f  a c t i o n .  H o w e v e r ,  by 
us ing  both sequence com par ison  t o  c e r  and a f u n c t i o n a l  
(d imer r e s o l u t i o n )  assay, we have not been a b le  t o  d e t e c t  
any such s i t e  in  th e  cya -  xerC -  uvrD chromosomal re g io n .  
A C7's-acting locus ( d i f )  has r e c e n t ly  been i d e n t i f i e d  in  
the  terminus reg ion  o f  the  E. c o l i  chromosome. D is r u p t io n  
o f  t h i s  locus leads to  a phenotype very  s i m i l a r  t o  t h a t  
seen in  xerC  m u ta n ts ,  g i v i n g  a b e r r a n t  n u c l e o i d s  and 
causing the c e l l s ' t o  f i l a m e n t  (Kuempel, pers .  comm.). The 
d i f  locus has been sequenced and c o n ta ins  a small  reg ion  
o f  sequence s i m i l a r i t y  t o  t h e  c r o s s o v e r  r e g i o n  o f  c e r .  
Garry B la k e ly  is  c u r r e n t l y  working in  c o l l a b o r a t i o n  w i th  
Kuempel e t  a l  to  a s c e r t a in  whether d i f  does indeed c o n ta in  
a c e r - l i k e  recombinat ion s i t e .
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PARTIAL PURIFICATION OF XerC AND INVESTIGATION OF 
ITS c e r  BINDING ACTIVITY
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6 .1  In t r o d u c t  i on
One o f  th e  long term aims o f  the  c e r  /  x e r  p r o j e c t  is  
to  develop an in v i t r o  recombinat ion system. Th is  would 
help t o  c l a r i f y  th e  r o l e  o f  PepA and ArgR in  c e r  s i t e -  
s p e c i f i c  r e c o m b i n a t i o n  and m i g h t  a l s o  a l l o w  t h e  
i d e n t i f i c a t i o n  o f  o t h e r  f a c t o r s ,  such as I H F ,  F i s  and 
t r a n s c r i p t i o n ,  w h ic h  c o u l d  be i n v o l v e d  i n  c e r  
recom binat ion .  I n  v i t r o  recombinat ion sytems e x i s t  f o r  the  
lambda I n t  /  a t t  system (Nash, 1975) ,  th e  yeas t  2 -m icron  
FLP system ( V e t t e r  e t  a 7, 1983) ,  the  bacte r iophage  P1 Cre 
/  lox  system (Abremski e t  a l , 1 9 8 3 )  and o t h e r  lambda
in te g ra s e  c la s s  recombinat ion systems as w e l l  as f o r  many 
members o f  t h e  R e s o l v a s e  /  DNA i n v e r t a s e  f a m i l y  o f  
recombinases (eg Reed and G r in d le y ,  1981; Kahmann e t  a l ,  
1985) .  A l l  o f  these in v i t r o  recombinat ion systems employ 
simple b u f fe re d  s o lu t io n s  c o n ta in in g  some NaCl and e i t h e r
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Mg ions or  sperm id ine .  T h e y . a l l  r e q u i r e  the  recombinase  
p r o t e in  and some a ls o  r e q u i r e  th e  a d d i t io n  o f  accessory  
p r o t e in s  such as IHF, F is  or  X is .
In  the  absence o f  an in v i t r o  recombinat ion assay,  i t  
was decided to  develop an in v i t r o  DNA b inding assay f o r  
XerC. I f  XerC i s  indeed  th e  c e r  r e c o m b in a s e ,  t h e n  i t  
should d is p la y  a DNA b ind ing  a c t i v i t y  which is  s p e c i f i c  to  
the  c e r  sequence, probab ly  in  the  crossover  reg ion o f  ce r .  
Once a b inding assay was developed i t  could be used to  
f o l l o w  the  p u r i f i c a t i o n  o f  XerC. P u r i f i e d  XerC could  be 
used i n  an in  v i t r o  r e c o m b in a t io n  s y s te m ,  once such a 
system is  developed.
A p a r t i c u l a r l y  s e n s i t i v e  techn ique  f o r  the  d e t e c t io n  
o f  p r o t e in  b ind ing to  s p e c i f i c  DNA fragments is  th e  gel  
b in d in g  assay ( F r i e d  and C r o t h e r s ,  1981;  G a r n e r  and 
R evzin ,  1981) .  This  in v o lv es  e le c t r o p h o r e s is  o f  p r o t e i n -  
DNA complexes through non-denatur ing  p o lyacry lam id e  g e ls .  
B in d in g  o f  p r o t e i n  t o  a r a d i o a c t i v e  ( e n d - l a b e l l e d )  DNA 
molecule  is  de tec ted  by a redu c t io n  in  m o b i l i t y  o f  th e  DNA 
f ragment.  Th is  redu c t io n  in  m o b i l i t y  is  caused e i t h e r  by 
an increase  in  the  apparent  s i z e  an d /o r  bending o f  th e  DNA 
f ragm ent.  S p e c i f i c  protein-DNA complexes can be formed in  
t h e  p r e s e n c e  o f  a l a r g e  e x c e s s  o f  u n l a b e l l e d  " n o n ­
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s p e c i f i c "  DNA. T h is  competes o u t  t h e  b i n d i n g  o f  non­
s p e c i f i c  D N A - b i n d i n g  p r o t e i n s  t o  t h e  l a b e l l e d  DNA 
f ragm ent.
The gel b ind in g  assay was f i r s t  used to  study the; 
b ind ing  o f  p u r i f i e d  CAP p r o t e in  and l ac  rep re s so r  t o  the  
r e g u l a t o r y  sequences o f  t h e  l a c  p r o m o t e r  ( G a r n e r  and 
R e v z in ,  1981; F r i e d  and C r o t h e r s ,  1 9 8 1 ) .  Gel b i n d i n g  
assays have s in ce  been used to  study th e .  b ind ing  o f  many 
p u r i f i e d  p r o t e i n s  t o  t h e i r  DNA b i n d i n g  s i t e s  (e g  ArgR 
binding to  cer:  S t i r l i n g  e t  a 7, 1988b; MetJ b ind ing  to  met 
operon promoters: P h i l l i p s  e t  a7, 1 9 8 9 ) .  The gel b ind ing
assay has a ls o  been used to  d e te c t  DNA b ind ing  a c t i v i t i e s  
in  crude e x t r a c t s ,  and to  f o l lo w  th e  p u r i f i c a t i o n  o f  DNA 
binding p r o t e in s  from these crude e x t r a c t s  (eg S trauss  and 
Varshavsky, 1984; M o r r e l 1, 1990) .
The gel b ind ing  assay has se vera l  advantages over  the  
f i l t e r  b ind ing  assay which was t r a d i t i o n a l l y  used to  assay 
binding o f  p r o t e in s  to  DNA molecules.  The f i l t e r  b ind ing  
assay can o n ly  d i s t i n g u i s h  two c lass es  o f  DNA molecules;  
those  bound by p r o t e i n  and th o s e  n o t  bound.  The ge l  
binding assay not on ly  separates  bound from unbound DNA 
but a ls o  r e s o lv e s  th e  p r o t e i n - b o u n d  DNA i n t o  d i s t i n c t  
complexes.  From t h e  number and p a t t e r n  o f  c o m p le x es  
produced i t  i s  o f t e n  po ss ib le  to  make in fe re n c e s  about the  
nature  o f  each complex. This type o f  approach has been 
used to  study the  b ind ing  o f  Tn3 reso lva se  to  the  Tn3 r e s  
s i t e  (Bednarz,  1989) .  Yet  more can be learned  about the  
n a tu r e  o f  p r o t e i n  ^ DNA i n t e r a c t i o n s  in  t h e  v a r i o u s  
complexes by c a r r y i n g  o u t  f o o t p r i n t i n g  r e a c t i o n s  on 
complexes i s o l a t e d  by gel e le c t r o p h o r e s is .
Gel b in d in g  assays have been used t o  s t u d y  t h e
binding o f  se ve ra l  members o f  the  lambda in te g ra s e  f a m i ly  
o f  s i t e - s p e c i f i c  recombinases t o  t h e i r  r e c o m b i n a t i o n
s i t e s .  Lambda I n t  binds s t ro n g ly  to  th e  arm -type s i t e s  in  
a t t P  bu t  o n ly  w eak ly  t o  th e  c o r e - t y p e  b i n d i n g  s i t e s
(Thompson and Landy, 1988) .  Binding o f  lambda I n t  to  the  
c o re - ty p e  s i t e s  can be de tec ted  in  a gel b ind in g  assay,  
but the  p a t t e r n  o f  complexes produced is  u n c le a r  (Thompson 
and Landy, 1988) .
Binding o f  F lp  to  i t s  recombinat ion s i t e  (FRT) can
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a ls o  be d e t e c t e d  in  ge l  b i n d i n g  a s s a y s .  The FRT s i t e  
co n ta in s  two 13 bp in v e r te d  re p e a t  sequences f l a n k i n g  an 
8 bp s p a c e r  r e g i o n ,  w i t h  an a d d i t i o n a l  13 bp r e p e a t  
lo c a te d  t o  one s id e  (Andrews e t  a l , 1985) .  F lp  binds to
FRT and g ives  t h r e e  d i s t i n c t  complexes in  gel b ind ing  
assays (Andrews e t  a l , 1 9 8 7 ) .  F o o t p r i n t i n g  e x p e r i m e n t s  
c a r r i e d  out on these  complexes showed t h a t  each complex 
represented  a unique F lp  -  DNA a s s o c ia t io n .  F lp  produces a 
s in g le  complex in  gel b ind ing  assays when i t  b inds to  a 
DNA f r a g m e n t  c o n t a i n i n g  o n ly  one 13 bp r e p e a t  s e q u e n c e  
(Andrews e t  a l ,  1 9 8 7 ) .  I t  seems l i k e l y  t h a t  t h e  t h r e e  
complexes r e s u l t  from th e  b ind ing  o f  one, two or  t h r e e  Flp  
molecules to  the  i n t a c t  FRT s i t e  (Andrews e t  a l ,  1 9 8 7 ) .
The re c o m b in a t io n  s i t e  f o r  t h e  p r o t e i n  C r e ,  l ox ,  
c o n s is ts  o f  two 13 bp in v e r te d  repe a t  sequences f l a n k i n g  
a spacer reg ion  o f  8 bp. Cre binds lox  to  produce th re e  
complexes which can be s e p a r a t e d  by n o n - d e n a t u r i n g  ge l  
e l e c t r o p h o r e s i s  ( W i e r z b i c k i  e t  a l ,  1 9 8 7 ) .  The  
s to ic h io m e t ry  o f  these  complexes has been de te rm ined .  The 
prote in:DNA r a t i o  i s  approx im ate ly  1:1 f o r  complex 1, 2:1 
f o r  complex 2 and 3:1 o r  4:1 f o r  complex 3 (Hoess, pers  
Comm.). There is  ev idence ,  however, t h a t  Complex 3 i s  not  
a s im p le  Cre -  lox  complex ,  and may be some s o r t  o f  
recombinat ion in te r m e d ia te  (Hoess, pers comm.).
Th is  ch apter  re p o r t s  the  development o f  a gel b ind in g  
assay to  d e te c t  th e  b ind ing  o f  XerC t o  the  c e r  s i t e  and 
the  use o f  t h i s  assay to  f o l l o w  XerC through a p a r t i a l  
p u r i f i c a t i o n .
6 .2  Over express ion  o f  xerC
The plasmid pSDC105 was constructed  in  o rd e r  t o  over  
e x p res s  x e r C . T h is  p la sm id  c o n t a i n s  t h e  1 , 2 3 2  bp X e r C + 
fragment from pSDC104 in  the  v e c to r  pBAD. The i n s e r t  in  
PSDC105 is  in  th e  c o r r e c t  o r i e n t a t i o n  f o r  x e r C  t o  be 
t r a n s c r ib e d  from th e  s trong IP T G - in d u c ib le  P^ac prom oter .  
The f o l lo w i n g  p r e l i m in a r y  exper im ents ,  using th e  p lasmid  
pSDC105, were c a r r i e d  out  by George S z a tm a r i .
C u l t u r e s  o f  DS941 c a r r y i n g  pSDC105 w e r e  grow n  
o v e rn ig h t  in  L broth  plus a m p i c i l l i n ,  w i th  o r  w i t h o u t  1mM
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IP T G .  T o t a l  c e l l u l a r  p r o t e i n  was run  on an SDS-  
p o ly a c ry la m id e  g e l . An e x t r a  p r o t e i n  o f  apparent  m o lec u la r  
w e ig h t  3 2 , 0 0 0  was p r e s e n t  in  t h e  IPTG in d u c e d  c u l t u r e .  
Th is  p r o t e i n  appeared to  make up 2-5% o f  t o t a l  c e l l u l a r  
p r o t e in  in  th e  induced c u l t u r e .  The apparent  s i z e  o f  t h i s  
p r o t e in  is  in  good agreement w i th  th e  p re d ic te d  m o lec u la r  
mass o f  XerC, 3 3 .8  kDa.
A c u l t u r e  o f  DS941 /  pSDC105 was grown o v e r n ig h t  in  
t h e  p r e s e n c e  o f  IP T G ,  t h e  c e l l s  w e r e  h a r v e s t e d  and  
s o n ic a t e d  in  a low s a l t  b u f f e r .  The s o n i c a t e  was th e n  
c e n t r i f u g e d  t o  produce a c le a r e d  l y s a t e .  The m a j o r i t y  o f  
t h e  32 kDa p r o t e i n  was i n s o l u b l e  and was fo u n d  i n  t h e  
i n s o l u b l e  p e l l e t  f r a c t i o n .  The  32 kDa p r o t e i n  was 
resuspended from t h i s  f r a c t i o n  in  a b u f f e r  c o n ta in in g  1M 
N aCl. On s to ra g e ,  the  32 kDa p r o t e i n  p r e c i p i t a t e d  and a 
f r a c t i o n  c o n s i s t i n g  l a r g e l y  o f  t h e  32 kDa p r o t e i n  was 
o b t a i n e d  by c e n t r i f u g a t i o n .  T h i s  f r a c t i o n  was run  on a 
SDS-polyacry lamide g e l , th e  32 kDa p r o t e in  was e lu t e d  from  
a gel s l i c e  and p r e c i p i t a t e d  w i t h  acetone by th e  method 
o f  Hager and Burgess ( 1 9 8 0 ) .  The p u r i f i e d  p r o t e in  was then  
su b je c te d  to  Edman de grada t io n  on an Appl ied  Biosystems  
automated p e p t i d e  sequencer  t o  o b t a i n  t h e  N - t e r m i n a l  
p r o t e in  sequence. The sequence ob ta ine d  (20 amino a c id s )  
agreed e n t i r e l y  w i th  t h a t  p r e d ic te d  from the DNA sequence.  
This  conf i rm s t h a t  the  32 kDa p r o t e i n  seen in  pSDC105 
c o n ta in in g ,  IPTG-induced c u l t u r e s  is  indeed XerC.
The p r e c i p i t a t e d  XerC p r o t e in  could only  be d is s o lv e d  
w ith  th e  use o f  harsh t r e a tm e n ts ,  such as b o i l i n g  in  th e  
presence o f  SDS. No DNA b ind ing  or  recombinase a c t i v i t y  
could be demonstrated f o r  t h i s  p r e c i p i t a t e d  form o f  XerC.  
The reasons f o r  the  p r e c i p i t a t i o n  o f  t h i s  i n a c t i v e  form o f  
XerC a re  not c l e a r .  In  case i t  had anyth ing  to  do w i t h  t h e  
v e r y  l a r g e  a m ou nts  o f  X erC  p r o d u c e d  by o v e r n i g h t  
ex press ion ,  a d i f f e r e n t  express ion pro toco l  was developed  
f o r  th e  subsequent work c a r r i e d  ou t  by m yse lf .  O v e rn ig h t  
c u l t u r e s  c a r r y i n g  pSDC105 w ere  d i l u t e d  1 : 8 0  in  f r e s h  L 
b ro th  c o n t a i n i n g  a m p i c i l l i n .  They w ere  grown w i t h  good 
a e r a t io n  a t  37°C to  a d e n s i ty  g iv in g  an A600 o f  0 . 5  and 
w e r e  i n d u c e d  by t h e  a d d i t i o n  o f  IPTG t o  a f i n a l  
c o n c e n t r a t i o n  o f  1mM. The c u l t u r e s  w ere  t h e n  grown a
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f u r t h e r  th r e e  hours w i th  good a e r a t i o n  a t  37°C. A (pSDC105 
s p e c i f i c )  p o ly p e p t id e  o f  apparen t  m o lec u la r  w eight  32 ,000  
was v i s i b l e  a f t e r  SDS-polyacry lam ide gel e le c t r o p h o r e s is  
o f  t o t a l  c e l l u l a r  p r o t e i n .  However t h i s  p r o t e in  made up 
less  than 1 % o f  t o t a l  c e l l u l a r  p r o t e i n .  C u l tu re s  t r e a t e d  
in  t h i s  way were used to  produce p r o t e in  e x t r a c t s  f o r  the  
experiments descr ibed  in  th e  r e s t  o f  t h i s  c h a p te r .
6.3  Development o f  a ge l b in d in g  assay
A c u l t u r e  o f  DS941 xerC2  c o n ta in in g  pSDC105 was grown 
and induced as descr ibed  above. C e l l s  were harvested  by 
c e n t r i f u g a t i o n  and washed once in  10 mis o f  a b u f f e r  
c o n ta in in g  10 mM T r is - H C l  pH 7 .5  and 100 mM N aC l . The wet  
c e l l  p e l l e t  was weighed and then f ro z e n  a t  -7 0 °C .
The c e l l  p e l l e t  (we ighing 0 .8 0  g) was thawed and 
resuspended in  3 mis o f  b u f f e r  B (50 mM T r is -H C l  pH 7 .5 ,
1 .0  M NaCl, 1 mM EDTA and 0.1 mM DTT) .  0 . 8  mg o f  PMSF
( phenylmethylsu lphonyl  f l u o r i d e ,  a p ro tease  i n h i b i t o r )  
d isso lved  in  50 ul o f  e thanol  was added dropwise t o  the  
unbroken c e l l s .  The c e l l s  were then broken by s o n ic a t io n  
w ith  a Dawe s o n ic a to r  using the  button probe. Seven pulses  
o f  te n  seconds, each f o l l o w e d  by one m in u t e  t o  a l l o w  
c o o l in g ,  were c a r r i e d  out on i c e .
The s o n ic a te  was then c le a re d  by c e n t r i f u g a t i o n  f o r  
15 minutes a t  18 ,000 rpm in  a JA21 r o t o r  ( 3 7 ,0 0 0  x g) a t  
4 ° C . The c le a re d  s o n ic a te  was then d i l u t e d  in  b u f f e r  B to  
make a tw o - f o ld  d i l u t i o n  s e r ie s  and then used in  a gel 
binding assay as descr ibed  in  Chapter 2 .  The e x t r a c t  was 
incubated w i th  e i t h e r  th e  c e r  c o n ta in in g  304 bp BamHI -  
H i n d l l l  fragment from pKS492 (see F ig .  6 . 8 )  or  w i t h  the  
" n o n - s p e c i f ic "  235 bp Ddel fragment from pUC19. Complexes 
were run on a po lya cry lam id e  T r i s - g l y c i n e  pH 9 .4  gel and, 
a f t e r  a u t o r a d io g r a p h y ,  th e  r e s u l t  shown i n  F i g  6 .1  was 
ob ta i  ned.
As can be seen, th e  crude e x t r a c t  d id  not r e t a r d  the  
D d e l  f r a g m e n t  f r o m  pUC19 ,  b u t  d i d  r e t a r d  t h e  c e r  
c o n ta in in g  fragment.  At the  lower p r o t e i n  c o n c e n tra t io n s  
one d i s t i n c t  re ta rd ed  complex was v i s i b l e .  At the  h ig h e s t  
p r o t e i n  c o n c e n t r a t i o n  n e a r l y  a l l  o f  t h e  c e r  c o n t a i n i n g
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F ig u re  6.1  Gel b ind ing assay on a XerC+ crude e x t r a c t  
using n o n -s p e c i f i c  and ce r  fragments .
A DS941 xerC2/pSDC105 c u l t u r e  was induced as descr ibed in  
the t e x t  and sonicated  in  a b u f f e r  c o n ta in in g  50mM T r i s -  
HCl pH 7 . 5 ,  1mM EDTA, 0 . 1 mM DTT and 1 .0  M NaCl. A c le a re d  
ly s a te  was produced by c e n t r i f u g a t i o n  (1 2 ,0 0 0 g ,  10 m in ) .
The ly s a te  was d i l u t e d  in the same b u f f e r  to g ive  a two­
f o l d  d i l u t i o n  s e r ie s .  Approximate ly  1 ng of e n d - l a b e l l e d  
fragment was mixed w i th  1 ul of  each p r o t e in  d i l u t i o n  and 
incubated a t  37°C f o r  10 min. Reactions were then loaded 
on a n o n -d e n a tu r in g  p o l y a c r y l a m i d e  ge l  as d e s c r i b e d  in  
Chapter 2. Lanes 1-4 co n ta in  the 235 bp Ddel fragment from 
pUC18. Lanes 5-8  conta in  the  cer  s i t e  cut  out as a 304 bp 
BamHI -  H i n d l l l  fragment from pKS492.
Lanes 1 and 5 0 p r o te in
Lanes 2 and 6 1 /8  ul p ro te in
Lanes 3 and 7 1 /4  ul p ro te in
Lanes 4 and 8 1 /2  ul p ro te in
(The u n d i l u t e d  crude e x t r a c t  c o n t a i n e d  o f  th e  o r d e r  o f  
15 mg/ml t o t a l  p r o t e i n . )
f r a g m e n t  was bound and tw o  d i s t i n c t  c o m p l e x e s  w e re  
v i s i b l e .
I t  appeared from t h i s  exper iment t h a t  a p r o t e i n  in  
the  crude e x t r a c t  was b ind ing  s p e c i f i c a l l y  t o  c e r  DNA. An 
exper iment was then c a r r i e d  out to  a s c e r t a in  whether  t h i s  
r e t a r d a t i o n  o f  c e r  was dependent upon th e  ex pre ss ion  o f  
xerC,
Two p a r a l l e l  c u l t u r e s  were grown and in d u c e d  w i t h  
IPTG as descr ibed  above. One o f  these c u l t u r e s  co nta ined  
DS941 xerC2/pSDC105,  th e  o th e r  conta ined DS941 xerC2/pBAD. 
E x t r a c t s  from both o f  th e s e  c u l t u r e s  w ere  p ro d u c e d  by 
s o n i c a t i o n  in  b u f f e r  B, f o l l o w e d  by c e n t r i f u g a t i o n ,  as 
descr ibed above. DS941 xerC2/pBAD c o n ta in s  no f u c t i o n a l  
xerC  gene, so t h e  e x t r a c t  p rod uced  f ro m  t h i s  s t r a i n  
c o n t a i n s  no X e r C .  The  e x t r a c t  p r o d u c e d  f r o m  DS941 
xerC2/pSDC105 c o n t a in e d  s i g n i f i c a n t  q u a n t i t i e s  o f  XerC  
(n o t  shown).
T h e s e  tw o  e x t r a c t s  w e re  t h e n  a s s a y e d  f o r  t h e i r  
a b i l i t y  to  bind c e r  DNA. A gel b ind ing  assay was c a r r i e d  
out using a m ix tu re  o f  two l a b e l l e d  DNA fragm ents .  One o f  
t h e s e  f ra g m e n ts  was t h e  c e r - c o n t a i  n i ng 304 bp BamHI -  
H i n d l l l  fragment from pKS492 (see Fig 6 . 8 ) ,  th e  o t h e r  was 
the  235 bp Ddel f ragment from pUC19. The r e s u l t s  o f  t h i s  
experiment are  shown in  Fig  6 .2 .
The s o n ic a te  produced from DS941 xerC2/pBAD produced 
no d e te c ta b le  r e t a r d a t i o n  o f  e i t h e r  th e  " n o n - s p e c i f i c "  or  
the  cer - c o n t a in in g  f ragm ents .  The X e rC -c o n ta in in g  e x t r a c t  
from DS941 x e r C 2 / pSDC105 re ta rd ed  the  c e r - c o n t a in in g  DNA 
f r a g m e n t  t o  g i v e  t h e  same p a t t e r n  s e e n  b e f o r e ,  b u t  
appeared not to  bind to  th e  Ddel pUC19 fragm ent .
A l l  o f  th e s e  ge l  b in d in g  e x p e r i m e n t s  c o n t a i n e d  a 
l a r g e  excess (a b o u t  200 ng) o f  u n l a b e l l e d ,  s u p e r c o i l e d  
pUC18 c a r r i e r  DNA to  compete out b ind ing  to  th e  l a b e l l e d  
fragments o f  any p r o t e in s  t h a t  bind n o n - s p e c i f i c a l l y  to  
DNA. Th e re fo re  the  choice  o f  the 235 bp Ddel f ragm ent  from  
pUC19 as a c o n tro l  " n o n - s p e c i f ic "  fragment was perhaps not  
i d e a l .  Since t h i s  f ragment came from pUC19, i t s  sequence  
was re p r e s e n t e d  in  a p p r o x i m a t e l y  20 f o l d  e x c e s s  i n  t h e  
u n la b e l le d  c a r r i e r  DNA ( t h e  re a c t io n s  conta ine d  about 1 ng 
of  235 bp fragment and 200 ng o f  2686 bp pUC18).
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Figure 6.2 Gel binding assay on X e r C + and X e r C - c rude 
extracts using a mixture of two fragments. A w i ld  type  cer  
s i t e  (pKS492, H i ndl  I  I-BamH I  ) was mixed w i t h  t h e  235 bp 
Ddel f ra g m e n t  from pUC18 and in c u b a t e d  w i t h  d i f f e r e n t  
d i l u t i o n s  o f  crude e x t r a c t  f o r  10 min a t  3 7 ° C .  Crude  
e x t r a c t s  were prepared from DS941 xerC2/pBAD ( la n e s  2 - 6 )  
or DS941 x e rC 2 /pSDC105 ( l a n e s  7 - 1 5 ) .  The c e l l s  w ere  
so nicated  in  a b u f f e r  c o n ta in in g  50mM T r is -H C l  pH7.5 ,  1mM 
EDTA, 0.1mM DTT and e i t h e r  1M NaCl ( la n e s  2 -1 1 )  or  100mM 
NaCl ( la n e s  1 2 - 1 5 ) .  Lane 1 co n ta ins  no added p r o t e i n .
Lanes 2, 7 and 12 1/32 ul p r o te i  n
Lanes 3, 8 and 13 1/16 ul p r o t e i  n
Lanes 4, 9 and 14 1/8 ul p r o t e i  n
Lanes 5, 10 and 15 1 /4 ul p r o t e i  n
Lanes 6 and 1 1 1/2 ul p r o t e i  n
( th e  u n d i lu te d  crude e x t r a c t s  conta ined o f  the o rde r  o f  
15 mg/ml t o t a l  p r o t e i n . )
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6 .4  P a r t i a l  p u r i f i c a t i o n  o f  XerC
The gel b ind ing  assay was then used t o  f o l l o w  the  
p a r t i a l  p u r i f i c a t i o n  o f  t h e  XerC p r o t e i n .  I n  o r d e r  t o  
q u a n t i t a t e  t h i s  p u r i f i c a t i o n ,  th e  XerC b ind ing  u n i t  was 
de f in e d  as the  amount o f  XerC which r e ta rd s  50% o f  a c e r -  
c o n t a i n i n g  DNA f r a g m e n t ,  when added t o  a s t a n d a r d  g e l  
bind ing  assay. The e f f e c t s  o f  va ry in g  the  amount o f  c e r  
fragment in  th e  gel b ind in g  assay were never i n v e s t i g a t e d .  
However, i f  th e  same amount o f  fragment (1 ng o f  a 300 bp 
f ragm ent)  is  always used, t h i s  assay should be reasonab ly  
q u a n t i t a t i v e  f o r  XerC.
The e f f e c t  o f  s a l t  c o n c e n t ra t io n  in  the c e l l  b re a k in g  
b u f f e r  was i n v e s t i g a t e d .  IPTG-induced DS941 x e r C 2 / pSDC105 
c e l l  p e l l e t s  were s o n ic a te d  in  50 mM T r is -H C l  pH 7 .5 ,  1 mM
EDTA, 0.1  mM DTT c o n ta in in g  e i t h e r  1 .0  M NaCl, 100 mM NaCl 
or  50 mM NaCl.  The c o n c e n t r a t i o n  o f  NaCl p r e s e n t  had 
l i t t l e  e f f e c t  on e i t h e r  t h e  r e c o v e r y  o f  XerC b i n d i n g  
a c t i v i t y  (F ig  6 .2  and not shown), or  on the  re co very  o f  
XerC p o ly p e p t id e  in  the  s o lu b le  f r a c t i o n ,  as v i s u a l i s e d  by 
SDS-polyacry lamide gel e le c t r o p h o r e s is  (n o t  shown).
A p u r i f i c a t i o n  pro toco l  was a r r i v e d  a t  by r e p e a t e d ly  
prep ar ing  so n ic a tes  from c u l t u r e s  o f  DS941 x e r C 2 / pSDC105, 
and e x p e r im e n t in g  w i t h  v a r i o u s  p r o t e i n  f r a c t i o n a t i o n  
s teps .  The f r a c t i o n s  were run on SDS-polyacry l  amide gels
and s t a i n e d  w i t h  Coomassie b l u e  t o  v i s u a l i s e  p r o t e i n s .  
This  al lowed the XerC p o ly p e p t id e  to  be fo l lo w e d  through  
th e  p u r i f i c a t i o n .  The i n s o l u b l e  XerC w h ich  had been  
p u r i f i e d  by G. Szatmari was used as a s i z e  marker on these  
g e ls .  Small samples from each f r a c t i o n  were a ls o  d i l u t e d  
50% in g ly c e ro l  and s to re d  a t  -2 0 °C .  These were used a t  a 
l a t e r  t ime to  assay the  v a r io u s  f r a c t i o n s  f o r  XerC b in d in g  
a c t i v i t y .  Thus the  p u r i f i c a t i o n  was fo l low e d  both by th e  
presence o f  X e r C - s i z e d  p r o t e i n s  and by XerC  b i n d i n g  
a c t i v i t y .  However, the  o b j e c t i v e  o f  the  p u r i f i c a t i o n  was 
t o  p u r i f y  the  b inding a c t i v i t y  r a t h e r  than j u s t  th e  32 kDa 
p r o t e in .
The p u r i f i c a t i o n  p r o t o c o l  f i n a l l y  a r r i v e d  a t  i s  
summarised in  Fig 6 . 3 .  A t y p i c a l  p r o t e in  p r e p a r a t io n  is  
descr ibed below.
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D i l u t e  an o v e rn ig h t  c u l t u r e  o f  DS941 xerC2/pSDC105 1:80 in
L broth + Ap (50 u g /m l )
In cubate  w i th  shaking a t  37°C and grow to  A600 = 0 .5
1 ' , .
Induce by the a d d i t io n  o f  IPTG to  1mM. 
Continue to  grow f o r  3 hours.
i
Harvest  c e l l s  by c e n t r i f u g a t i o n  (7 ,0 0 0 g ,  5 m in ) .  
Wash in  100mM NaCl 10mM T r is -H C l  pH7.5
I
Resuspend c e l l  p e l l e t  ( 1 . 6  g) in  6 ml o f  b u f f e r  A 
(50mM T r is -H C l  pH7.5 , 50mM NaCl, 1mM EDTA, 0.1mM DTT)
|  .+ ImlA plWSf
Son icate  6 x 10 seconds on ic e .
i
C e n t r i fu g e  Sonicate  (3 7 ,0 0 0 g ,  15 minutes)
Supernatant  ( f r a c t i o n  1) P e l l e t
I
Pass through DEAE sephacel e q u i l i b r a t e d  in  b u f f e r  A. 
C o l l e c t  f low  through ( f r a c t i o n  2)
Do 25-50% ammonium s u lph a te  c u t .  Resuspend p e l l e t  in  
1OOmM T r is -H C l  pH7.5,  1mM EDTA, 0 . 1 mM DTT ( f r a c t i o n  3)
l
D e s a l t  on Pharm acia  f a s t  d e s a l t i n g  column e q u i l i b r a t e d
w ith  b u f f e r  A.
i
Load onto mono-S and apply  50mM -  1.0M NaCl g r a d i e n t .  
C o l l e c t  f r a c t i o n s  e l u t i n g  o f f  a t  ap prox im ate ly  400mM NaCl.
( f r a c t i o n  22)
F ig u r  6 . 3  Flow c h a r t  f o r  th e  p u r i f i c a t i o n  o f  XerC.
A c le a re d  so n ic a te  ( f r a c t i o n  1) was produced as above 
f r o m  a 1 . 8  g c e l l  p e l l e t  o f  I P T G - i n d u c e d  DS941  
x e r C 2 / pSDC105 suspended in  6 ml o f  b u f f e r  A (50 mM T r i s -  
HC1 pH7. 5 , 50 mM N aC l ,  1 mM EDTA, 0 .1  mM D T T ) .  A l l  
subsequent p u r i f i c a t i o n  steps were c a r r i e d  ou t  a t  4°C .
A 6ml DEAE sephace l  column was poured  in  a 10 ml 
s y r i n g e  and e q u i l i b r a t e d  w i t h  b u f f e r  A. The c l e a r e d  
s o n ic a te  was loaded onto t h i s  column and al lowed t o  d r i p  
s lo w ly  through by g r a v i t y .  The column was then washed w i th  
f u r t h e r  b u f f e r  A. The f l o w - t h r o u g h  was c o l l e c t e d  in  
f r a c t i o n s  o f  approx im ate ly  1 ml.  The f i r s t  th re e  f r a c t i o n s  
were found t o  co n ta in  ve ry  l i t t l e  p r o t e in  (as assayed by 
Bradford  reagent )  and were d isc a rd ed .  The next  e i g h t  1 ml 
f r a c t i o n s  conta ined the  bulk o f  th e  XerC b inding a c t i v i t y  
and were pooled to  g ive  f r a c t i o n  2. The column was washed 
w ith  f u r t h e r  b u f f e r  A and then p r o t e in s  which had bound to  
the  column were washed o f f  w i th  a b u f f e r  c o n ta in in g  50 mM 
T r i s  HC1, 1 .0  M NaCl, 1mM EDTA and 0.1  mM DTT. The b u f f e r  
A f lo w - th ro u g h  f r a c t i o n  was found to  co n ta in  a t  l e a s t  one 
p r o t e in  o f  the  expected s i z e  f o r  XerC, whereas the  1M NaCl 
wash f r a c t i o n  conta ined no p r o t e in s  o f  t h i s  s i z e .
The DEAE s te p  was o r i g i n a l l y  d e s ig n e d  t o  remove  
n u c le ic  ac ids  from the  s o n ic a te .  However, as can be seen 
from Fig  6 . 4 ,  a number o f  p r o t e in s  were a ls o  removed by 
t h i s  s te p .  The y i e l d  o f  XerC b ind ing  a c t i v i t y  from t h i s  
step was near to  50*  (T ab le  6 . 1 ) .  The NaCl c o n c e n t r a t io n  
was kept  as low as p o ss ib le  (50mM NaCl)  to. maximise the  
number o f  p ro te in s  b ind ing  to  the  DEAE column.
The DEAE f l o w  t h r o u g h  ( f r a c t i o n  2 )  was f u r t h e r  
p u r i f i e d  by ammonium s u l p h a t e  f r a c t i o n a t i o n .  P r o t e i n s  
p r e c i p i t a t i n g  in  th e  ranges  0% -  2 5 * ,  2 5 *  -  5 0 *  and
50*  -  70*  s a t u r a t io n  ammonium s u lp h a te  were r e - d is s o lv e d  
in  1 ml o f  a b u f f e r  conta ing  100 mM T r is -H C l  pH 7 . 5 ,  1 mM 
EDTA and 0.1 mM DTT.
The 25*  -  50* ammonium s u lp h a te  f r a c t i o n  ( f r a c t i o n  3)  
was found to  conta in  th e  bulk  o f  p r o t e in s  o f  the  c o r r e c t  
s iz e  to  be XerC (F ig  6 . 4 ) .  The 0 *  -  25*  ammonium s u lp h a te  
f r a c t i o n  conta ined some p r o t e in  o f  th e  c o r r e c t  s i z e  t o  be 
XerC, but t h i s  m a te r ia l  was very  d i f f i c u l t  to  resuspend  
(F ig  6 . 4 j .  The 25* -  50*  ammonium su lp h a te  f r a c t i o n  was
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F igure  6 .4  SDS-polyacrylamide e le c t r o p h o re s is  o f  f r a c t i o n s  
o b t a i n e d  f r o m  DEAE S e p h a c e l  and ammonium s u l p h a t e  
p r e c i p i t a t i o n .
Lane 1 XerC
Lane 2 Cl ea
Lane 3 DEAE
Lane 4 0% -
Lane 5 0% -
Lane 6 25%
Lane 7 50%
25% ammonium su lphate  f r a c t i o n  ( i n s o l u b l e )
th e  o n ly  f r a c t i o n  t h a t  c o n t a i n e d  any s i g n i f i c a n t  XerC  
binding a c t i v i t y  (F ig  6 . 7 ) .
The 25*  -  50*  ammonium su lph a te  f r a c t i o n  was then  
passed through a f a s t  d e s a l t in g  column (P ha rm ac ia ) ,  which 
had p re v io u s ly  been e q u i l i b r a t e d  w i th  b u f f e r  A. The run 
was c a r r i e d  ou t  a t  2 ml/min on a Waters FPLC system. The 
p r o t e in  was recovered in  13 mis o f  b u f f e r  A.
The d e sa l te d  p r o t e i n  was loaded onto a mono-S c a t io n  
exchange column which had been e q u i l i b r a t e d  w i th  b u f f e r  A. 
The column was then  d e v e lo p e d  w i t h  a 1 7 . 5  ml g r a d i e n t  
runn ing  a t  0 . 5  m l /m in .  The g r a d i e n t  s t a r t e d  w i t h  1 0 0 *  
b u f f e r  A (50 mM T r is -H C l  pH7.5,  50 mM NaCl, 1 mM EDTA, 0.1  
mM DTT) and ended w i th  100* b u f f e r  B (50 mM T r is - H C l  pH 
7 .5 ,  1 .0  M NaCl, 1 mM EDTA and 0.1 mM DTT). F r a c t io n s  o f  
0 .5  ml were c o l l e c t e d .  E lu t io n  o f  p r o t e in s  from the  column 
was monitored by measuring the  absorbance a t  280 nM (F ig  
6 . 5 ) .
The pooled f lo w - th ro u g h  f r a c t i o n  and a ls o  f r a c t i o n s  
t h a t  e l u t e d  d u r in g  th e  g r a d i e n t  w ere  a n a l y s e d  by SDS-  
pol yacry l  ami de gel e le c t r o p h o r e s is  (F ig  6 . 6 ) .  No p r o t e in s  
o f  th e  c o r r e c t  s i z e  f o r  XerC were  p r e s e n t  in  t h e  f l o w  
through. Two p r o te in s  o f  approx im ate ly  the  same s i z e  as 
XerC e lu te d  from the  column a t  approx im ate ly  400 mM NaCl 
( f r a c t i o n s  20 -  23) and another  e lu te d  a t  a p p ro x im a te ly  
800 mM NaCl ( f r a c t i o n s  31 -  32, not shown).
The f r a c t i o n s  were assayed f o r  XerC a c t i v i t y  using  
th e  gel b in d in g  assay ( F i g  6 . 7 ) .  B i n d i n g  a c t i v i t y  was 
found in  the f r a c t i o n s  t h a t  co inc ided  w i th  the  presence o f  
th e  l a r g e r  o f  th e  two X e r C - s i z e d  p r o t e i n s  e l u t i n g  a t  
400 mM NaCl ( f r a c t i o n s  21 -  2 3 ) .  No XerC a c t i v i t y  was 
found in  th e  f l o w - t h r o u g h  f r a c t i o n  o r  in  t h e  f r a c t i o n s  
t h a t  e lu te d  between 700 mM and 900 mM NaCl ( f r a c t i o n s  28 -  
33) (n o t  shown).
The p u r i f i c a t i o n  is  summarised in  Table  6 . 1 .  P r o t e in  
co ncen tra t ion s  were measured using Bradford re ag en t .  XerC 
binding a c t i v i t y  was es t im ated  from th e  gel b ind ing  assay  
shown in Fig 6 .7 .  In  some lanes o f  F ig  6 . 7 ,  the  f r a c t i o n  
being assayed c o n ta in e d  XerC b i n d i n g  a c t i v i t y  b u t  t h e  
amount o f  p r o t e in  added did  not not r e t a r d  50*  o f  th e  c e r  
co nta in in g  fragment.  In  these cases the  number o f  b ind ing
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Figure  6 .6  SDS-polyacry lamide e le c t r o p h o r e s is  o f  f r a c t i o n s  
obta ined  from mono-S ion exchange chromatography.
Lanes 1 , 14 XerC s iz e  marker ( from G. S z a tm a r i )
Lane 2 25-50% ammoni urn su lp h a te  f r a c t i o n
Lane 3 25-50% " d
Lane 4 Mono-S f 1ow-through
Lane 5 Mono-S f r a c t i  on 19
Lane 6 Mono-S f r a c t i  on 20
Lane 7 Mono-S f r a c t i  on 21
Lane 8 Mono-S f r a c t i  on 22
Lane 9 Mono-S f r a c t i  on 23
Lane 10 Mono-S f r a c t i  on 24
Lane 1 1 Mono-S f r a c t i  on 25
Lane 1 2 Mono-S f r a c t i  on 26
Lane 13 Mono-S f r a c t i  on 27
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Figure  6 .7  Gel b inding assay on v a r io u s  f r a c t i o n s  ob ta ined  
in  th e  p u r i f i c a t i o n  o f  XerC. The f o l l o w i n g  amounts o f  
p r o t e i n  were in c u b a te d  w i t h  a p p r o x i m a t e l y  1ng o f  end 
l a b e l l e d  cer DNA f o r  10 min a t  37°C and then loaded on a 
non-denatur ing po lyacry lam id e  g e l .
Lane 1 0 p r o te in
Lane 2 1/8 ul c le a re d  s o n ic a te
Lane 3 1/8 ul DEAE f lo w  through
Lane 4 1/10 ul 0-25% ammonium su lphate
Lane 5 1/20 ul 25-50% ammonium su lphate
Lane 6 1/20 ul 50-70% ammonium su lphate
Lane 7 1/10 ul 25-50% ammonium su lphate ( spun)
Lane 8 1/2 ul de sa l te d  25-50% ammonium su1phate
Lane 9 1 ul Mono-S f lo w  through
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LL O  Q C M C M ^ Q S S S S :
u n i t s  p r e s e n t  was e s t im a t e d  by e x t r a p o l a t i o n  f r o m  t h e  
r e s u l t s  ob ta ined  in  o th e r  XerC b ind ing  exper iments (eg Fig
6.1 and F ig  6 . 2 ) .  I t  i s  es t im ate d  t h a t  the va lues  given  
f o r  th e  XerC b ind ing  a c t i v i t i e s  in  T a b le  6.1 a re  probab ly  
ac cura te  to  w i t h i n  a f a c t o r  o f  two.
F r a c t io n  22 conta ined the  h ig h e s t  c o n c e n t ra t io n  o f  
XerC b ind ing  a c t i v i t y .  As can be seen on Fig  6 . 6 ,  f r a c t i o n  
22 conta ined one major p o ly p e p t id e  o f  32 kDa and s i x  o r  
seven o t h e r  m a jo r  bands. T h i s  32 kDa p r o t e i n  had co ­
p u r i f i e d  w i th  the  XerC b inding a c t i v i t y  and was th e  same 
s iz e  as a p r o t e in  which had been p o s i t i v e l y  i d e n t i f i e d  as 
XerC by N - te rm in a l  sequencing. I t  was es t im ated  t h a t  the  
XerC -  s ize d  p r o t e in  made up about 15% o f  the  p r o t e i n  in  
f r a c t i o n  22.
The a p p ro x im a te  c o n c e n t r a t i o n  o f  XerC r e q u i r e d  t o  
r e t a r d  ce r^ c o n ta in in g  DNA fragments can now be e s t im a te d .  
The p r o t e i n  c o n c e n t r a t i o n  o f  f r a c t i o n  22 i s  130 u g / m l .
1 ul o f  f r a c t i o n  22 was added t o  the  10ul r e a c t io n  shown 
in  lane 13 o f  F ig .  6 . 7 .  The t o t a l  p r o t e i n  c o n c e n t ra t io n  in  
th e  b in d in g  r e a c t i o n  was t h e r e f o r e  13 u g / m l ,  so t h e
c o n c e n t r a t i o n  o f  X e r C - s i z e d  p r o t e i n  was a p p r o x i m a t e l y
— 8 •2 ug /ml,  which is  6 .x  10 M. The amount o f  ce r  DNA in  the
r e a c t i o n  i s  a p p r o x i m a te ly  1 ng w h ic h  c o r r e s p o n d s  t o  a 
c o n c e n tra t io n  o f  5 x 10""1® M.
6 .5  XerC binds to  th e  crossover reg ion  w i t h i n  c e r
Gel b ind ing  experiments were c a r r i e d  out to  l o c a l i s e  
the b ind ing  s i t e  o r  s i t e s  o f  XerC w i t h i n  the ce r  r e g io n .  
These experiments used fragments c o n ta in in g  on ly  p a r t  o f  
the  ce r  s i t e .  The d e r i v a t i o n  o f  these  fragments i s  shown 
in  Fig 6 . 8 .
The P s t I  -  BamHI f ra g m e n t  f r o m  pKS493 was e n d -
89l a b e l l e d  w i t h  P u s i n g  t h e  K le n o w  f r a g m e n t  o f  DNA
99polymerase I  and a lpha  < P> dATP. Th is  l a b e l l e d  o n ly  th e  
end c lo s e s t  to  the  crossover s i t e  in  cer .  The l a b e l l e d  
f ra g m e n t  was then  c le a v e d  w i t h  M l u l ,  s p l i t t i n g  t h e  c e r  
s i t e  in t o  two fragments .  One o f  these  (73 bp in  le n g t h )  
c o n ta in e d  th e  c ro s s o v e r  r e g io n  and was l a b e l l e d  a t  one  
end. The o th e r  fragment (219 bp) conta ine d  the  r e s t  o f  c e r
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F igure  6 . 8  D e r iv a t io n  o f  the  fragments used in  gel b ind in g  
assays .
and was u n 1a b e 1 1 e d . T h i s  m i x t u r e  o f  f r a g m e n t s  was  
incubated w i t h  th e  most h ig h ly  p u r i f i e d  f r a c t i o n  o f  XerC,  
f r a c t i o n  22 from  t h e  mono-S c o lu m n .  The r e a c t i o n s  w ere  
t h e n  r u n  on a n o n - d e n a t u r i n g  p o l y a c r y l a m i d e  g e l  as  
descr ibed in  Chapter  2. React ions were a ls o  c a r r i e d  ou t  to  
assay th e  b ind ing  o f  th e  same p r o t e i n  d i l u t i o n s  t o  the  
i n t a c t  c e r - c o n t a in in g  DNA fragm ent .  The r e s u l t  o b ta in ed  
a f t e r  au torad iog raphy  i s  shown in  F ig  6 . 9 .
At  th e  same p r o t e in  c o n c e n t ra t io n  t h a t  produced two 
complexes on a f u l l  c e r  s i t e ,  th e  73 bp crossover  reg io n  
was a ls o  bound t o  a s i m i l a r  e x t e n t .  The f u l l  c e r  s i t e  gave 
the  p r e v io u s ly  observed p a t t e r n  o f  two major complexes,  
w ith  th e  l e a s t  re ta rd e d  complex predom ina t ing .  The 73 bp 
crossover  reg io n  gave on ly  one major complex and a ( l e s s
r e ta rd e d )  minor complex. > §
I  c*s
In  another  exper iment a c e r - c o n t a in in g  fragment was ^  (
l a b e l l e d  a t  both ends and then c leaved  w i th  M l u l .  Th is  ^ *9
-D *m ix t u r e  o f  l a b e l l e d  f r a g m e n ts  was t h e n  used in  a g e l
b inding exper im ent .  As assayed by the  d isappearance o f  th e  ^  g
V " *unbound f r a g m e n t s ,  o n ly  t h e  73 bp c r o s s o v e r  c o n t a i n i n g  ^  7? 
region o f  c e r  was bound s i g n i f i c a n t l y  by XerC (n o t  shown). 3  o
However, no complexes could be seen in  t h i s  exper im en t .
This  may have been because the  complex produced from th e  
c r o s s o v e r  r e g i o n  c o m i g r a t e d  w i t h  t h e  unbound l a r g e  
f ragment.
A c e r  c o n ta in in g  fragment,  l a b e l l e d  a t  both ends and 
then c leaved a t  the  Pvul s i t e  was a ls o  used in  a gel  
b in d in g  e x p e r im e n t .  The r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  
shown in  F ig  6 .1 0 .  Note t h a t  th e  c leavage w i th  Pvul was 
p a r t i a l .  As assayed by d issappearance o f  unbound bands,  
only  the  s m a l le r ,  crossover  s i t e - c o n t a i n i n g  fragment was 
bound by XerC. One band, which probab ly  corresponds t o  a 
bound form o f  t h i s  s m a l l e r  f r a g m e n t ,  can be seen  on 
Fig 6 .1 0 .
These e x p e r im e n ts  show t h a t ,  when t h e  c e r  s i t e  i s  
c l e a v e d  i n t o  tw o f r a g m e n t s ,  X e rC  b i n d s  o n l y  t o  t h e  
f rag m e n t  c o n t a i n i n g  th e  c r o s s o v e r  s i t e .  XerC b i n d s  t o  
t h e s e  c r o s s o v e r  s i t e - c o n t a i n i n g  f r a g m e n t s  w i t h  
approx im ate ly  the  same a f f i n i t y  as i t  binds to  th e  i n t a c t  
s i t e .  However, th e  p a t t e r n  o f  co m p le x es  p ro d u c e d  by
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Figure 6 .9  Gel binding assays on the mono-S 
using the crossover region of cer and the full
Lanes 1-3 conta in  the p u r i f i e d  BamHI -  P s t I  
pKS493 la b e l l e d  a t  the BamHI end. Lanes 4 -6  
same fragment c leaved w ith  M lu l .  Only the 73 
c o n ta in in g  the crossover reg ion is  l a b e l l e d .
Lanes 1 and 4 0 p r o t e in
Lanes 2 and 5 1 ul f r a c t i o n  22
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F igure  6 .1 0  Gel b ind ing assay using a cer  fragm ent which 
has been cleaved w i th  P vu l .  End l a b e l l e d  fragments were 
in c u b a te d  w i t h  d i f f e r e n t  amounts o f  25% -  50% ammonium 
s u lph a te  f r a c t i o n  ( f r a c t i o n  3) co n ta in in g  XerC. Lanes 2-7  
co nta in  the 304 bp H i n d l l l  -  BamHI fragment from pKS492 
l a b e l l e d  a t  both ends and then c leaved w ith  P vu l .  Note 
t h a t  the  Pvul c leavage was only p a r t i a l .  The DNA in lane 1 
was not t r e a te d  w ith  Pvul .
Lanes 1 and 7 1/2 ul p r o t e in
Lane 2 0 p r o t e in
Lane 3 1/32 ul p r o t e in
Lane 4 1/16 ul p r o t e in
Lane 5 1/8  ul p r o te in
Lane 6 1/4  ul p r o t e in
( U n d i l u t e d  f r a c t i o n  3 c o n t a in e d  a p p r o x i m a t e l y  3 mg/ml 
t o t a l  p r o t e i n . )
b i n d in g  t o  t h e  i s o l a t e d  c r o s s o v e r  s i t e  a p p e a r s  t o  be 
d i f f e r e n t  to  th e  p a t t e r n  produced by b ind ing  to  the  i n t a c t  
s i t e .
6 .6  D iscuss ion
A gel b in d in g  assay has been d e v e lo p e d  t o  d e t e c t  
p r o t e i n s  w h i c h  b i n d  s p e c i f i c a l l y  t o  t h e  c e r  s i t e .  
Fragments c o n ta in in g  c e r  were not  re ta rd e d  in  t h i s  assay  
by an e x t r a c t  prepared from DS941 x e r C 2 /pBAD. They were,  
however,  r e t a r d e d  by an e x t r a c t  p r e p a r e d  f rp m  DS941 
x e rC 2 /pSDC105. The f a c t  t h a t  th e  re ta rd e d  complexes were 
o n ly  seen us in g  e x t r a c t s  from  t h e  x e r C  o v e r  e x p r e s s i n g  
s t r a i n  demonstrates t h a t  t h i s  r e t a r d a t i o n  is  dependent on 
the  express ion  o f  x e rC .
The gel b ind ing assay was then used to  f o l l o w  c e r  
b in d in g  a c t i v i t y  th ro u g h  a p u r i f i c a t i o n  p r o t o c o l .  T h i s  
p r o t o c o l  employed a n e g a t i v e  DEAE s t e p ,  an ammonium 
su lp h a te  p r e c i p i t a t i o n  s tep  and chromatography on a c a t io n  
exchange column and gave a 7 5 - f o l d  p u r i f i c a t i o n  o f  t h e  
bind ing  a c t i v i t y  over a l l .
Over express ion o f  xerC  led  t o  th e  accumulat ion o f  a 
p r o t e in  o f  apparent m olecu la r  w e igh t  32 ,0 0 0 .  Th is  p r o t e i n  
was p u r i f i e d  in  an i n a c t i v e  form by G. S z a tm a r i , and was 
shown by N - te rm in a l  sequencing t o  correspond to  XerC. A 
p r o t e i n  o f  t h i s  s i z e  c o - p u r i f i e d  w i t h  t h e  XerC b i n d i n g  
a c t i v i t y ,  throughout the  p u r i f i c a t i o n .
The pu res t  f r a c t i o n  o b ta in e d  conta ined a m ix tu re  o f  
se vera l  p r o t e in s ,  one o f  which, making up about 15& o f  
t o t a l  p r o t e i n ,  was the  same s i z e  as XerC (as p u r i f i e d  by
G. S z a tm a r i ) .  I t  i s  not a b s o l u t e ly  c e r t a i n  however t h a t  
t h i s  p r o t e in  is  respons ib le  f o r  b ind ing  to  c e r  in  th e  gel  
b in d in g  as say .  Nor i s  i t  a b s o l u t e l y  c e r t a i n  t h a t  t h i s  
p r o t e in  is  indeed the  XerC p r o t e i n .  To check t h i s ,  th e  c e r  
b i n d i n g  p r o t e i n  w o u ld  h a v e  t o  be f u r t h e r  p u r i f i e d ,  
p o s s ib ly  by a s i z e  f r a c t i o n a t i o n  s te p .  That the p u r i f i e d  
p r o t e i n  d id  indeed c o rre s p o n d  t o  XerC c o u ld  t h e n  be 
v e r i f i e d  by N - te rm ina l  sequencing.
Obviously  much remains to  be done to  improve th e  XerC 
p u r i f i c a t i o n  p r o t o c o l . I f  XerC could be over expressed in
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a s o lu b le  and a c t i v e  form, to  th e  high l e v e ls  seen by G. 
S z a t m a r i , th e  p u r i f i c a t i o n  o f  la r g e  amounts o f  XerC would 
be g r e a t l y  a id ed .  However, from the  work o f  G. S z a tm a r i ,  
i t  would appear t h a t  th e  XerC p r o t e in  is  not  s o lu b le  a t  
low NaCl c o n c e n tra t io n s  when i t  i s  expressed a t  th ese  high  
l e v e l s .
When the  c e r^ is  s p l i t  a t  e i t h e r  th e  Pvul o r  th e  M lu l  
s i t e s ,  only  th e  crossover  c o n ta in in g  region i s  bound by 
XerC. XerC appears to  bind to  th e  is o la t e d  crossover  s i t e  
o f  c e r  and to  the  i n t a c t  c e r  s i t e  w ith  s i m i l a r  a f f i n i t i e s .  
However the  p a t t e r n  o f  complexes produced by b ind in g  to  
t h e  i s o l a t e d  c r o s s o v e r  s i t e  i s  d i f f e r e n t  f r o m  t h a t  
produced by b inding to  th e  f u l l  s i t e .  I t  is  p o s s ib le  t h a t  
XerC can i n t e r a c t  w i t h  r e g i o n s  o f  c e r  d i s t a l  f r o m  t h e  
c r o s s o v e r  s i t e ,  b u t  o n l y  a f t e r  i t  has bound t o  t h e  
crossover  s i t e .  I t  i s  a ls o  p o ss ib le  t h a t  XerC binds to  
sequences in  c e r  t h a t  are  d is ru p te d  by c leavage a t  th e  
Mlul  and Pvul s i t e s .
The n a t u r e  o f  t h e  c o m p le x e s  se en  i n  t h e  g e l  
r e t a r d a t i o n  e x p e r i m e n t s  r e m a i n s  u n c l e a r .  P o s s i b l e  
e x p l a n a t i o n s  f o r  some o f  them a r e :  i n t e r m e d i a t e s  in
b ind ing  (w i th  one, two o r  more XerC molecules bound) as 
seen f o r  Flp (Andrews e t  a l , 1987) and Cre (Hoess, pers .
comm), syn a p t ic  complexes c o n ta in in g  two c e r  f rag m e nts ,  
a l t e r n a t i v e  conformat ions o f  complexes, or  complexes w i th  
contaminat ing  p r o te in s  in  th e  X e rC -c o n ta in in g  f r a c t i o n s .
The p r o t e i n  -  DNA i n t e r a c t i o n s  i n v o l v e d  i n  t h e  
fo rm at ion  o f  XerC -  c e r  complexes could be in v e s t i g a t e d  
using f u r t h e r  gel b ind ing  assays on d i f f e r e n t  reg io ns  o f  
the  c e r  s i t e .  F o o tp r in t in g  exper iments would a ls o  be very  
usefu l  f o r  these s t u d ie s .  These could be c a r r i e d  ou t  in  
s o lu t io n  on XerC - c e r  complexes. A l t e r n a t i v e l y  complexes 
could be is o la te d  in  a non-denatu r ing  p o lya c ry la m id e  gel  
and cleaved in  the gel be fo re  being analysed by d e n a tu r in g  
gel e l e c t r o p h o r e s i s .  The seque nces  w i t h i n  c e r  t o  w h ic h  
XerC b inds could  be lo c a t e d  more a c c u r a t e l y  by t h e s e  
exper iments.
H o p e fu l ly  p u r i f i e d  XerC w i l l  soon prove usefu l  in  an 
in v i t r o  ce r  s i t e - s p e c i f i c  recombinat ion system. Such a 





The main o b j e c t i v e  o f  t h i s  work was t o  i s o l a t e  
f u r t h e r  E. c o 7 i  m utants  d e f i c i e n t  in  c e r  s i t e - s p e c i f i c  
recom binat ion ,  in  th e  hope t h a t  th e  gene encoding the c e r  
recombinase might be i d e n t i f i e d .  The i s o l a t i o n  o f  one such 
mutant led to  the  i d e n t i f i c a t i o n  o f  xerC, express ion  o f  
w h ic h  i s  a b s o l u t e l y  r e q u i r e d  f o r  c e r  s i t e - s p e c i f i c  
r e c o m b in a t io n .  The XerC p r o t e i n  b i n d s  in  v i t r o  t o  t h e  
c ro s s o v e r  r e g io n  o f  c e r ,  and i t s  p r e d i c t e d  amino a c i d  
sequence d i s p l a y s  s i g n i f i c a n t  s im i  1a r i t y  t o  t h e  lambda  
in te g ra s e  f a m i l y  o f  s i t e - s p e c i f i c  recombinases. XerC is  
almost c e r t a i n l y  th e  recombinase t h a t  a c ts  a t  cer .
Members o f  th e  lambda i n t e g r a s e  f a m i l y  o f  s i t e -  
s p e c i f i c  recombi nases (eg FLP, Cre and lambda I n t )  c le a v e  
t h e i r  r e c o m b in a t io n  s i t e s  t o  g i v e  s t a g g e r e d  n i c k s  a t  
e i t h e r  end o f  a spacer region o f  6 -8  bp. Given t h a t  XerC 
i s  the c e r  recombinase, and t h a t  i t  i s  a member o f  the  
lambda in te g ra s e  c la s s  o f  recombinases, i t  seems probable  
t h a t  XerC w i l l  c le av e  cer ,  to  produce staggered n icks  in  
the crossover  re g io n .  These n icks  are  p re d ic te d  to  produce 
p r o t r u d i n g  5 ’ OH ends and r e c e s s e d  3 ’ p h o s p h a t e s ,  
c o v a l e n t l y  l i n k e d  t o  t y r o s i n e  275 o f  X e rC .  These n i c k s  
should be a t  e i t h e r  end o f  a 6 -8  bp spacer reg ion  f la n k e d  
by two in v e r te d  re p e a t  XerC b ind ing  s i t e s .
W here  does  X erC  c l e a v e  c e r ?  T h e r e  i s  a h i g h l y  
conserved 11 bp sequence a t  the  r i g h t  hand end o f  t h e  c e r -  
l i k e  s i t e s  (see Fig 1 .2  and Fig  7 . 1 ) .  To the l e f t  o f  t h i s  
is  a poor ly  conserved sequence o f  from 6 -8  bp, which is  
f l a n k e d  by a f a i r l y  w e l l  c o n s e rv e d  s e quenc e  w i t h  some 
i n v e r t e d  r e p e a t  symmetry to  t h e  h i g h l y  c o n s e rv e d  11 bp 
sequence (F ig  1.2  and Fig 7 . 1 ) .  C u rre n t  th in k in g  is  t h a t  
these two sequences are  XerC b ind ing  s i t e s ,  and t h a t  XerC 
probably  c leaves  c e r  and r e l a t e d  s i t e s  a t  the  boundaries  
o f  th e  6 - 8  bp s p a c e r .  The n a t u r e  o f  t h e  i n t e r a c t i o n s  
b e tw e e n  XerC  and t h e  c e r  s i t e  c o u l d  be f u r t h e r  
in v e s t ig a te d  by v a r io u s  f o o t p r i n t i n g  te chn iq u es .  The s i t e s  
of  s t ra nd  c leavage could be i d e n t i f i e d  i f  c o n d i t io n s  were 
f o u n d  i n  w h ic h  X erC  c l e a v e s  t h e  c e r  s i t e  in  v i t r o . 
C l e a v a g e  p r o d u c t s  c o u l d  be run  on a d e n a t u r i n g  
po lyacry lam ide  gel to  i d e n t i f y  the  e x a c t  phosphodiester  
bonds broken by XerC.
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R1 co n ta in s  a plasmid s t a b i l i s i n g  recombinat ion s i t e  
which d i s p l a y s  sequence s i m i l a r i t y  t o  c e r  o n l y  in  t h e  
crossover  reg ion  ( C l e r g e t ,  1984; Fig 1 . 2 ) .  Th is  s i t e  acts  
i n  v i v o  as a s u b s t r a t e  f o r  b o t h  i n t e r m o l e c u l a r  and  
i n t r a m o l e c u l a r  s i t e - s p e c i f i c  r e c o m b i n a t i o n .  T h i s  
recombinat ion is  dependent on th e  presence o f  a fu n c t io n a l  
xerC  gene ( C l e r g e t  pers .  comm.) .  The R1 recombinat ion s i t e  
r e q u ire s  a t  most 44 bp f o r  fu n c t io n  ( C l e r g e t ,  pers .  comm.) 
and co n ta ins  no obvious ArgR b ind ing  s i t e .  I t  seems l i k e l y  
t h a t  re c o m b in a t io n  a t  t h i s  s i t e  w i l l  be in d e p e n d e n t  o f  
ArgR and PepA. The E. c o l i  d i f  re g io n ,  which may a c t  to  
res o lve  chromosomal m ult im ers ,  co n ta in s  a 30 bp sequence 
which i s  a lm o s t  i d e n t i c a l  ' t o ' t h e  R1 r e c o m b i n a t i o n  s i t e  
(F ig  7 . 1 ) .  Gary B la k e ly ,  in  our la b ,  has co nstruc ted  a 
s y n th e t ic  31 b p d i f  s i t e ,  which appears to  be a s u b s t ra te  
in v ivo  f o r  both in te r m o le c u la r  and in t ra m o le c u !a r  s i t e -  
s p e c i f i c  recom binat ion .  Recombination a t  t h i s  s i t e  w i l l  
almost c e r t a i n l y  r e q u i r e  the  presence o f  XerC, but not  
ArgR or  PepA.
c e r  GCGGTGCGTACAA TTAAGGGA TTATGGTAAAT
parB  GCGGTACCGATAA GGGATG TTATGGTAAAT
type I I  GCGGTGCGTACAA GGGATG TTATGGTAAAT
R1 TTAGTGCGCATAA TGTATA TTATGTTACAT
d i f  TTGGTGCGCATAA TGTATA TTATGTTACAT
F i g  7 , 1  A l i g n m e n t  o f  t h e  p l a s m i d  R1 and E. c o l i  
chromosomal d i f  r e c o m b in a t io n  s i t e s  w i t h  t h e  c r o s s o v e r  
reg ions o f  ColE1 c e r ,  CloDF13 parf l,  and th e  type  I I  ( c e r -  
parB ) hybr id  .
The plasmid R1 and E. c o l i  chromosomal s i t e s  appear  
to  behave in a s i m i l a r  way to  the  type I I  c e r -p a rB  h y b r id .  
A l l  t h r e e  a re  s u b s t r a t e s  f o r  b o th  i n t e r m o l e c u l a r  and 
i n t ra m o le c u la r  recombinat ion in v ivo .  Th is  recombinat ion  
r e q u ire s  only a reg ion  o f  about 30 -50  bp which inc ludes  
the  two p u t a t i v e  XerC binding s i t e s .
An i n t e r e s t i n g  quest ion  remains as to  why th e  type  
I I  h y b r id  and th e  R1 and d i f  s i t e s  a p p e a r  t o  have no 
s e l e c t i v i t y  f o r  in t ra m o le c u !a r  r e a c t io n s  and probably  can
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a l l  recombine in  t h e  absence o f  PepA and A rgR .  I t  i s  
po s s ib le  t h a t  the  w i l d - t y p e  c e r  s i t e  is  a poor s u b s t ra te  
f o r  XerC, and can on ly  recombine a f t e r  a s p e c i f i c  s y n a p t ic  
complex has been formed. Th is  s y n a p t ic  complex would be 
dependent on the  upstream regions o f  c e r  and a ls o  on the  
ArgR and PepA p r o t e i n s ,  and could a c t  as a " t o p o lo g ic a l  
f i l t e r " ,  f a v o u r i n g  i n t r a m o l e c u  1a r  r e c o m b i n a t i o n  o v e r  
in te r m o le c u la r  recom binat ion .  The type I I  h y b r id ,  d i f  and 
the  R1 recombinat ion s i t e s  could be b e t t e r  s u b s t ra te s  f o r  
XerC mediated recombinat ion and hence have no requ irement  
f o r  PepA and ArgR. Th is  would account f o r  t h e i r  lack  o f  
to p o lo g ic a l  s e l e c t i v i t y .
I f  th e  w i l d - t y p e  c e r  s i t e  s p e c i f i c  r e c o m b i n a t i o n  
re a c t io n  does proceed v ia  a s p e c i f i c  s y n a p t ic  complex,  
one would p r e d i c t  t h a t  the  r e a c t io n  products would have a 
s p e c i f i c  topology (compare w i th  the  reso lvases  and the  
DNA i n v e r t a s e s ) .  The to p o lo g ic a l  f e a t u r e s  o f  the  c e r  s i t e -  
s p e c i f i c  recombinat ion r e a c t io n ,  and th e  involvement o f  
PepA and ArgR in  a " to p o lo g ic a l  f i l t e r "  could best  be 
s t u d i e d  i f  an i n  v i t r o  r e c o m b i n a t i o n  s y s t e m  was 
developed. Such a system has so f a r  remained e l u s i v e .  We 
h a ve  l o o k e d  f o r  A r g R - i  n d e p e n d e n t , P e p A - i  n d e p e n d e n t  
re c o m b in a t io n  i n v i t r o , u s in g  X e r C - c o n t a i n i n g  c r u d e  
e x t r a c t s  and DNA s u b s t r a t e s  w i t h  two d i r e c t l y  r e p e a t e d  
copies o f  the  type I I  ce r-parB  hybr id  s i t e .  We have a ls o  
looked f o r  recombinat ion in v i t r o  using p u r i f i e d  ArgR and 
PepA a 1 ong wi th  X e r C -c o n ta i  n i ng e x t r a c t s  a c t i n g  on DNA 
s u b s t ra tes  w i th  d i r e c t l y  repeated w i l d - t y p e  c e r  s i t e s .  
However, no recombinat ion has so f a r  been d e te c te d .  Th is  
f a i l u r e  to  d e te c t  recombinat ion i n v i t r o  could r e f l e c t  a 
requirement f o r  f u r t h e r  p ro te in s  accessory f a c t o r s  o r  the  
need f o r  d i f f e r e n t  r e a c t io n  c o n d i t io n s .
The d i f  s i t e  i s  more symmetrical than the  type  I I  
cet—parB h y b r id .  Th is  might make recombinat ion a t  th e  th e  
d i f  s i t e  more e f f i c i e n t  than recombinat ion a t  the  t y p e ' l l  
h y b r id .  I f  recombinat ion a t  d i f  i s  independent o f  ArgR and 
PepA in  v i v o , i t  m igh t  be w o r t h w h i l e  t o  a s say  f o r  d i f  
s i t e - s p e c i f i c  recombinat ion in v i t r o  using semi p u r i f i e d  
XerC or  crude e x t r a c t s  co n ta in in g  XerC.
I f  t h i s  f a i l s  we c o u l d  l o o k  f o r  r e s o l u t i o n  o f
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a r t i f i c i a l  H o l l i d a y  j u n c t i o n  i n t e r m e d i a t e s  by X e rC .  
R eso lu t ion  o f  a t t  s i t e  H o l l i d a y  ju n c t io n s  r e q u i r e s  on ly  
the  in te g ra s e  p r o t e in  and th e  core type  I n t  b ind in g  s i t e s  
(Hsu and Landy, 19 8 4 ) ,  so i t  i s  p re d ic te d  t h a t  XerC would 
be t h e  o n l y  p r o t e i n  r e q u i r e d  f o r  Hoi  1 i d a y  j u n c t i o n  
r e s o l u t i o n .
H o p e fu l ly  the  development o f  an in v i t r o  c e r  s i t e -  
s p e c i f i c  r e c o m b i n a t i o n  s y s t e m  w i l l  e n h a n c e  o u r  
u n d e rs ta n d in g  o f  t h e  mechanism o f  c e r  s i t e - s p e c i f i c  
re c o m b in a t io n .  The p o s s i b l e  r o l e  o f  XerC in  chromosome  
m u l t im e r  r e s o l u t i o n  i s  i n t r i g u i n g ,  and a l s o  d e s e r v e s  
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